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Summary 

The coral reefs of the central Indo-Pacific are the most diverse marine ecosystems in the 

world (Hoeksema 2007). Biodiversity forms the basis of healthy ecosystems and their 

corresponding ecosystem services, and overall, biodiversity trends are negative in the world’s 

ecosystems due to increasing anthropogenic pressure (Butchart et al. 2010). In order to properly 

understand and preserve coral reef biodiversity in the face of ongoing global climate change, we 

must focus research efforts on understanding understudied coral reef taxa better (Roberts et al. 

2002). Palau’s marine biodiversity, like much of the Indo-Pacific, is not comparatively well known 

for many marine taxa (Colin 2009).  

We aimed to add information on Palauan marine biodiversity to help alleviate these data 

deficiencies, which will allow marine managers to make better decisions on MPA establishment 

and harvesting/tourist regulations. We aimed to accomplish this via three research components: 1. 

Comparative quantitative biodiversity - assessment of the diversity of fauna within coral rubble at 

a variety of locations across Palau, including human impacted sites, bays, and various coral reef 

locations; 2. Population genetics - focusing on the snail-worm genus Ceraesignum, as it is numerous 

among the reefs of Palau, and has very low dispersal, making it an excellent model for small-scale 

geographical investigations; and 3. Focused taxonomic studies - investigate and describe under-

studied taxa of marine creatures in Palau, focusing on selected taxa. 

Results for the comparative biodiversity project show that total biodiversity appears to 

be highest on outer reef slopes, and lowest in sheltered bays near river mouths. In the Ceraesignum 

analyses, we have confirmed that populations in Nikko Bay and to some degree Ngchesar harbor 

unique alleles different from all other regions in Palau, and that there is differentiation between 

inner and outer reef populations. Finally, focused taxa research has demonstrated the presence of 

previously unknown zoantharian species in caves and cracks, and the presence of unique 

Symbiodinium types within Nikko Bay. 

In conclusion, the results demonstrate that 1) Palau harbors high levels of undiscovered 

marine biodiversity, and 2) the unique ecosystems of Palau such as Nikko Bay and marine caves 

(and by extension marine lakes) harbor unique and possibly endemic marine biodiversity. We 

therefore recommend more protection of under-represented marine environments (reef slopes, 
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caves, cracks, etc.), which must be included within management schemes, and to also continue 

analyses of biodiversity in Palau in order to better understand and protect the natural diversity 

resources of Palau. 

 

 

 

Note: Portions of this Technical Report are reproduced from published scientific works generated 

by the P-CoRIE project; namely Kise and Reimer (2016) and Kise et al. (2017). 

 

Disclaimer: Note this technical report is not to be considered as published in the sense of the 

International Code of Zoological Nomenclature, and the statements made herein in this thesis are 

not made available for nomenclatural purposes (ICZN 8.2 and 8.3). 
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Introduction 

The coral reefs of the central Indo-Pacific are the most diverse marine ecosystems in the 

world (Hoeksema 2007). Palau’s marine biodiversity, like much of the Indo-Pacific, is not 

comparatively well known for many marine taxa (Colin 2009). For example, there are data for hard 

corals (Scleractinia), fishes, shellfish (Mollusca) and other commercially important species such as 

lobsters, but for most taxa little is known, similar to as has been reported for numerous other coral 

reef regions (Roberts et al. 2002). Biodiversity forms the basis of healthy ecosystems and their 

corresponding ecosystem services, and overall, biodiversity trends are negative in the world’s 

ecosystems due to increasing anthropogenic pressure (Butchart et al. 2010). In order to properly 

understand and preserve coral reef biodiversity in the face of ongoing global climate change, we 

must focus research efforts on understanding understudied coral reef taxa better (Roberts et al. 

2002).  

Additionally, there are very few comparative studies on how Palau’s marine biodiversity 

compares with surrounding regions, or where biodiversity within Palau is highest. Comparisons of 

levels of biodiversity of different locations within Palau will allow us to examine spatial patterns 

inside Palau, and provide important information for conservation and protection measures. 

Finally, within Palau, there are little data on gene flow of marine organisms (but see 

Gotoh et al. 2011, etc.), and thus where sources and sinks are located. We aim to add information 

on Palauan marine biodiversity to help alleviate these data deficiencies, which will allow marine 

managers to make better decisions on MPA establishment and harvesting/tourist regulations. 

We aimed to accomplish this via three research components: 

1. Comparative quantitative biodiversity: How does marine biodiversity within Palau compare at 

different sites? Such information allows us to understand where diversity within Palau is highest, 

or where it is unique, etc. We accomplished this by a quantitative assessment of the diversity of 

fauna within coral rubble at a variety of locations across Palau, including human impacted sites, 

bays, and various coral reef locations. 

2. Population genetics: What is the gene flow within Palau for marine creatures? These data allow 

us know how different regions are connected, and where sources and sinks are. As well, such work 

can show the presence of unique or endangered populations. For this study, we focused on the 

snail-worm genus Ceraesignum (formerly Dendropoma; Golding et al. 2014), as it is numerous 
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among the reefs of Palau, and has very low dispersal distances, making it an excellent model for 

small-scale geographical investigations. As well, this genus is harvested and eaten in Palau (Palauan 

= ‘eol’). 

3. Focused taxonomic studies: Investigate and describe under-studied taxa of marine creatures in 

Palau. These studies add information on additional and understudied marine taxa of Palau, and 

serve as demonstrations of biodiversity research for publicity, and as examples for policy 

recommendations. We focused on various cnidarian groups, including order Zoantharia, subclass 

Octocorallia, as well as symbiotic zooxanthellae of genus Symbiodinium, and parasitic copepods 

and Waminoa. 

Specimens from all three aims above were curated and entered into an online database, 

and thus will serve as a reference for future Palau International Coral Reef Center (PICRC) and 

Palauan researchers, as well as taxonomists internationally. Work was performed by three 

institutions; PICRC, Palau Community College (PCC), and the University of the Ryukyus (UR), 

allowing for human resource development while undertaking the research. The research included 

in this report will provide both a solid foundation for future biodiversity work in Palau, as well as 

provide important biodiversity data for decision makers. 

 

Materials and Methods 

Specimens from the three research subthemes listed in the Introduction were curated at PICRC 

during the project and will be deposited at the University of the Ryukyus after project completion. 

As well, all specimen data were entered into an online database at PICRC, and thus serve as a 

reference for future researchers. We selected 68 sites for our surveys (including PICRC monitoring 

sites + new sites; Table 1), covering most of Palau except the extreme far south (Sonsoral, Helen 

Reef), and conducted research by three main methods, as described below: 

1. Comparative quantitative biodiversity:  

We quantitatively examined the fauna of coral rubble. We collected three 10 l buckets of 

branching coral rubble (e.g. generally Acropora, Stylophora, Pocillopora) from each of various sites 

around Palau (n=40 sites). Sites included outer reefs (n=21), inner bays (n=8) and lagoons (n=11). 

For each site, sampling was conducted at a depth of ~10 m, with each sampling location within one 

site separated by >5 m. Buckets were brought back to PIRC and then all visible animals were 
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handpicked from the rubble (n=4757 specimens). Specimens were individually photographed, 

labeled, and preserved (99.5% ethanol) on the same day as sampling, with all specimen information 

entered into the master PICRC database.  

 

 

Table	1	-	Sites	investigated	during	these	studies.

Site	name Latitude	 Longitude	 Environment Biodiversity	study Popgen	study Focused	taxon	study

Aimeiliik	Bay 7.416664 134.516664 Sandy	bottom ○ - ○

Airai 7.3275 134.55567 Sandy	bottom ○ - ○

Airai	Channel 7.310151 134.522771 Reef	slope - - ○

Angaur 6.89822 134.12253 Reef	drop	off ○ - ○

Big	Drop-Off 7.098894909 134.2468675 Reef	drop	off ○ - ○

Blue	Corner	 7.14 134.22 Reef	drop	off - - ○

Blue	Hole	(Ngermelis) 7.14 134.22 Marine	cave - - ○

Blue	Hole	(Kayangel) 8.09 134.73 Marine	cave - - ○

Cemetary	Reef 7.243147442 134.3721943 Reef,	sandy	bottom ○ - ○

Chandelier	Cave 7.339468769 134.4510391 Anchialine	cave ○ - ○

Croco	Bay 7.429169 134.598533 Sandy	bottom ○ - ○

Ebiill 7.7885 134.592861 Inner	reef	slope - ○ -

Gerkesiul 7.03 134.3 Sandy	bottom - - ○

German	Channel 7.123517409 134.2779123 Reef	slope	(rubble),	Sandy	bottom ○ - ○

Iwekakou 7.645563768 134.5483023 Reef	slope	 ○ - ○

Jake	Seaplane 7.36889 134.44831 Inner	reef ○ - ○

KB	Bridge 7.362278 134.504222 Channel - ○ -

Klouel	Toi 7.275982 134.325618 Reef	slope,	sandy	bottom - - ○

Kayangel 8.04212 134.68632 Reef	slope ○ ○ ○

Lighthouse	Channel 7.282775 134.464464 Reef	slope,	sandy	bottom ○ ○ ○

Malakal	Harber	sewage	out	flow 7.19.394 134.27.109 Reef	flat ○ - ○

Melekeok 7.31248 134.38253 Reef	slope,	sandy	bottom ○ - ○

Namai	Bay 7.52699 134.623821 Sandy	bottom ○ - ○

New	Drop-Off 7.11 134.24 Reef	drop	off - - ○

Ngaraard 7.58683 134.64917 Reef	slope,	reef	flat ○ ○ ○

Ngardmau	out	reef 7.645068 134.540784 Reef	drop-off,	reef	flat,	sandy	bottom - - ○

Ngardmau	in	reef 7.584357 134.509778 Reef	drop-off,	sandy	bottom - - ○

Ngardmau	Bay 7.6135 134.553167 Sandy	bottom ○ - ○

Ngaremlengui	1	Barrier 7.5565 134.46833 Reef	slope,	sandy	bottom ○ ○ ○

Ngaremlengui	Patch	Reef	1 7.81853 134.57298 Deep	patch	reef ○ - ○

Ngaremlengui	Channel 7.540283 134.470382 Reef	slope,	sandy	bottom ○ - ○

Ngelukes 7.41817 134.60767 Inner	reef	slope ○ - ○

Ngemelis 7.07.084 134.14.222 Reef	drop	off ○ - ○

Ngerchebal 7.409836195 134.4446121 Inner	reef	slope ○ - ○

Ngchus 7.224323 134.380936 Inner	bay - - ○

Ngerchong	out	reef 7.110546 134.366908 Reef	slope - - ○

Ngerchong	in	reef 7.11083 134.36567 Reef	flat ○ ○ ○

Ngedbus	Coral	Garden 7.07 134.25 Outer	reef - - ○

Ngerdiluches 7.41867 134.3455 Reef	slope ○ ○ ○

Ngchesar 7.427559 134.629797 Inner	reef - ○ -

Ngeruangel 8.190153314 134.6283596 Inner	reef - - ○

Ngerukeuid 7.175912432 134.2660351 Inner	reef ○ - ○

Ngesol	Reef 8.007851949 134.688032 Reef	slope,	reef	flat ○ ○ ○

Ngetngod 7.36255 134.61987 Outer	reef	slope ○ ○ ○

Nikko	1 7.32617 134.49445 Reef	slope,	sandy	bottom ○ ○ ○

Nikko	2 7.32262 134.49982 Reef	slope,	sandy	bottom ○ - ○

Nikko	3 7.32918 134.49962 Reef	slope,	sandy	bottom ○ - ○

Nikko	Exit	 7.32916 134.499611 Inner	bay - ○ -

Nikko	Entrance 7.322611 134.499833 Inner	bay - ○ -

Nikko	Bay 7.335139 134.490056 Inner	bay - ○ -

Peleliu 7.00667 134.21767 Reef	drop-off ○ ○ ○

Peleliu	Drop-off 6.99 134.22 Reef	drop-off - - ○

Sandy	Paradise 7.240233 134.244336 Sandy	bottom - - ○

Shark	City 7.27 134.18 Reef	slope - - ○

Soft	Coral	Arch 7.27 134.38 Sandy	bottom,	anchialine	cave - - ○

Siaes	Tunnel	 7.32 134.22 Reef	drop-off,	marine	cave - - ○

Siaes	Corner 7.34 134.22 Reef	drop-off - - ○

Siaes 7.30683 134.2315 Reef	drop-off ○ ○ ○

South	Ngkesol 7.9 134.683333 Reef	slope,	reef	flat ○ - ○

Teleliu 7.053722 134.267639 Reef	drop-off - ○ -

Taletop	Reef 8.008609093 134.5402766 Reef	drop-off,	reef	flat ○ ○ ○

Taoch	1 7.27642 134.42708 Sandy	bottom ○ - ○

Taoch	2 7.2796 134.35785 Sandy	bottom ○ - ○

Taoch	3 7.27277 134.38097 Sandy	bottom ○ - ○

Turtle	Cove 7.08 134.26 Reef	drop-off,	marine	cave - - ○

Uchelbeluu 7.26167 134.54283 Reef	drop-off ○ ○ ○

Ulong	Channel 7.3 134.29 Reef	slope,	reef	flat ○ - ○

Totals 40 20 60
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Sites included most major bays in Palau, and as an anthropogenic impact site, Malakal Harbor 

sewage outflow site (Table 1).  

Initially, specimens were identified to rough (phyla/order/family/genus) levels using general 

external morphology. 

 

Figure 1: The DNA laboratory at Palau Community College. 

Annelida, Sipuncula, Hoplonemertea, Nemertea and Reptantia specimens had their DNA 

extracted using Qiagen DNeasy Blood & Tissue extraction kits at the shared DNA laboratory (Figure 

1) at PCC, followed by PCR reactions. Primers used were Lobo F1 (5’-

KBTCHACAAAYCAYAARGAYATHGG-3’) + Lobo R1 (5’- TAAACYTCWGGRTGWCCRAARAAYCA-3’) 

(Lobo et al. 2013), and polyLCO (5’- GAYTATWTTCAACAAATCATAAAGATATTGG-3’) and polyHCO 

(5’- TAMACTTCWGGGTGACCAAARAATCA-3’) for Annelida (Carr et al. 2011). Primers used for 

Sipuncula, Hoplonemertea, Nemertea and Reptantia were LCO1490 (5’-

GGTCAACAAATCATAAAGATATTGG-3’) and HCO1498 (5’-TAAACTTCAGGGTGACCAAAAAATCA-3’) 

(Folmer et al. 1994), jgLCO1490 (5’-GMATAGTAGGMACRGCYCTNA-3’) and jgHCO2198 (5’-

YCCTGTGAATAGGGGGAATC-3’) (Geller et al. 2013) to amplify mitochondrial cytochrome oxidase 

subunit 1 (COI) following thermal conditions in Lobo et al (2015). Sequencing on positive products 
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were performed by Macrogen (Korea), followed by genetic analyses utilizing the DNA barcoding 

(operational taxonomic units; OTUs) method (e.g. Bucklin et al. 2010).  

Genetic analyses of other taxa will be conducted in the future at the University of the Ryukyus. 

 

2. Population genetics:  

We utilized the snail-worms of genus Ceraesignum, as they have low dispersal capability and 

show differences on very small scales of a few km (R. Toonen, pers. comm.), ideal for a small area 

such as Palau. 

A total of 582 specimens of Ceraesignum maximum were collected by scuba diving of 31 sites 

across Palau. The locations with less than 10 specimens were not used in this study; and thus we 

examined specimens from 20 sites in our analyses (Table 1). Specimens were taken off the rock 

using a hammer and chisel. Upon recovery, damaged samples were placed on ice and living samples 

were maintained in an aquarium tank filled with circulating seawater. Within a few hours following 

dives, all specimens were placed in 80% ethanol for further DNA analyses and labeled individually. 

DNA was extracted from foot tissue using a guanidine isothiocyanate protocol. A thin piece of 

tissue (1 to 2 mm3) was clipped using with a sterilized razor blade, dried, ground and put into a 2mL 

Eppendorf tube containing 280µL of the extraction buffer. This buffer contains 100mL H20, 100g of 

guanidium isothiocyanate, 10.6mL of 1M Tris (pH=7.6), 4.5mL of 0.5M EDTA, 4.24g of sarkosyl and 

2.1mL of ß-mercaptoethanol. It was adjusted to 212mL with distilled water, and preserved at 4°C. 

After adding 20µL Proteinase K, tubes were incubated over night at 56°C until complete digestion 

of tissues. Tubes were then centrifuge at 10000g for 5 minutes, and 250µL of supernatant were 

taken and transferred into new tubes. DNA extraction was precipitated by adding 250µL 

isopropanol and placing overnight at -20°C. Tubes were centrifuged again and isopropanol was 

discarded. DNAs pellets were washed with ethanol twice and dried before final elution with 100µL 

deionized water. 

A fragment of the cytochrome oxidase I mitochondrial gene (COI mtDNA) was amplified by 

Polymerase Chain Reaction (PCR) using the primers LCO1490 (5’-GGTCAACAAATCATAAAGATATTGG-

3’), and HCO1498 (5’-TAAACTTCAGGGTGACCAAAAAATCA-3’) (Folmer et al. 1994). PCRs were 

performed in 25µL total volume, containing approximately 3 ng template DNA, 4 mM MgCl2, 0.26 
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mM of each nucleotide, 0.3µM of each primer, 5% DMSO and 0.75U of taq polymerase (QBioGene). 

Amplification products were generated by an initial denaturation step of 4 min. at 94°C followed 

by 35 cycles at 94°C for 40s, 50°C for 50s and 1 minute at 72°C, and by a final extension at 72°C for 

10 minutes. PCR products were sequenced with the PCR primers by FASMAC (Korea) in forward and 

reverse directions. 

Chromatograms were edited using Geneious version 8.1.9 (Kearse et al. 2012) and sequences 

were aligned using the Clustal W in software MEGA version 7.0 (Kumar et al. 2016). Population 

indices; number of haplotypes (H), haplotype diversity (Hd), number of segregating sites (S) and 

nucleotide diversity (π), were calculated using DnaSP 6 (Rozas et al. 2017) for 20 populations of C. 

maximum. The median-joining algorithm was used to construct the haplotype network of C. 

maximum in PopART software version 1.7 (Leigh & Bryant 2015). A neighbor joining tree was 

constructed for the haplotypes using 1000 bootstrap based on Jukes-Cantor distance (Jukes & 

Cantor 1969). The ФST pairwise was computed for pairs of populations using Arlequin version 

3.5.2.2 (Excoffier & Lischer 2010) to determine the genetic differentiation among the populations 

of C. maximum. The significance of differences of genetic distances between each pair populations 

were tested by permuting haplotypes (10,000 permutations) and adjusted based on the False 

Discovery Rate (Narum 2006). The Fu's FS neutrality test calculated using Arlequin version 3.5.2.2 

(Excoffier & Lischer 2010). The populations divided into two groups; inner and outer reefs [I: inner 

reef (P01_Teleleu, P03_Ngerchong, P04_Nikko1, P05_Lighthouse, P06_Ngkesol, P10_ExitNikko, 

P11_EntranceNikko, P14_Ebiil, P15/17_Ngchesar, P29_KB_Bridge and P31_NikkoBayPatColin); II: 

outer reef (P02_Peleliu, P07_Uchelbeluu, P08_Ngetngod, P18_Ngerael, P19_Siaes, 

P20_Ngaremlengui, P21_Nderdiluches, P26_Ngaraard and P30_Kayangel)] with 16,000 number of 

permutations for AMOVA test in Arlequin. The migration rates among the populations of C. 

maximum were estimated using software LAMARC 2.1.10 (Kuhner 2006) and were visualized using 

Circos online software (http://mkweb.bcgsc.ca/tableviewer/). 

3. Focused taxonomic studies:  

In this component, we targeted specific taxa: Epizoanthus spp. and Antipathozoanthus spp. 

zoantharians, and Symbiodinium spp. associated with Zoanthus sansibaricus, as well as the order 

Zoantharia in general. We also examined Octocorallia including gorgonians, sea pens, and 

Stolonifera, as well as Waminoa flatworms. Additionally, parasitic copepods on various fauna were 
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focused on as this thriving group is considered to be utilizable as a good indicator to check the 

richness of marine life. We aimed for investigation of as many different sites/ecosystems as possible 

(n=60 sites; Table 1). 

General experimental workflow for these taxonomic projects was as follows: in situ image 

collection, specimen collection, preservation (generally 70-99.5% ethanol), database entry, 

morphological examination, and in some cases DNA extraction, PCR, sequencing, genetic analyses 

and comparisons with morphological data and past literature. Details for each taxa are as listed 

below. Note that as experiments for other taxa (Octocorallia, Waminoa, etc.) are ongoing, they 

have not been included in the Results in this report, although methodology is generally as described 

above. Please contact the corresponding author if more details are needed. 

a. Epizoanthus spp. specimens 

Specimen collection: 

Epizoanthus specimens were collected from seven localities in Palau, as well as from Okinawa, 

New Caledonia and Papua New Guinea. In total 70 specimens were collected, of which 69 

specimens were collected by SCUBA at 10 to 40 m depth, with one additional specimen collected 

using the Japan Agency for Marine-Earth Science and Technology (JAMSTEC)’s ROV Hyper-Dolphin 

from 114 m during a research cruise in southern Japan in 2012. Collected specimens were 

preserved in 70–99.5% ethanol for molecular analyses and/or fixed in 5–10% seawater formalin 

and then later preserved in 70% ethanol for morphological analyses. 

Molecular analyses: 

DNA was extracted from tissue preserved in 99.5% ethanol by following a guanidine extraction 

protocol (Sinniger et al. 2010) or using a spin-column DNEasy Blood and Tissue Extraction kit 

(Qiagen, Tokyo). PCR amplification using Hot Star Taq Plus Master Mix Kit (Qiagen, Tokyo) was 

performed for each of ITS-rDNA (nuclear internal transcribed spacer region of ribosomal DNA), mt 

16S-rDNA (mitochondrial 16S ribosomal DNA), and COI (cytochrome oxidase subunit I). The ITS-

rDNA region was amplified using the specific primer set ITSf (5’-CTA GTA AGC GCG AGT CAT CAG C-

3’) and ITSr (5’-GGT AGC CTT GCC TGA TCT GA-3’) (Swain 2009). mt 16S-rDNA was amplified using 

the universal primer 16Sar (5’-CGC CTG TTT ATC AAA AAC AT-3’) (Palumbi et al. 1996) and the 

specific primer 16SBmoH (5’-CGA ACA GCC AAC CCT TGG3’) (Sinniger et al. 2005). The COI gene 

was amplified using the universal primer set LCO1490 (5’-GGT CAA CAA ATC ATA AAG ATA TTG G-
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3’) and HCO2198 (5’-TAA ACT TCA GGG TGA CCA AAA AAT CA-3’) (Folmer et al. 1994). All DNA 

markers were amplified following the thermal-cycle conditions described in Fujii and Reimer (2011). 

PCR products were checked using 1.0% agarose gel electrophoresis. The positive PCR products were 

cleaned using shrimp alkaline phosphatase (SAP) and Exonuclease I (Takara Bio Inc., Shiga, Japan), 

and then sequenced by Fasmac (Kanagawa, Japan). 

Obtained DNA sequences were initially checked using the Basic Local Alignment Search Tool 

(BLAST, National Center for Biotechnology Information). Obtained nucleotide sequences for the COI 

gene, mt 16S-rDNA and ITS-rDNA were aligned by CLUSTAL W ver. 1.83 (Thompson et al. 1994) on 

default settings supplied by Bioedit ver. 7.0.9.0. (http://www.mbio.ncsu.edu/Bioedit/page2.html). 

The alignments were inspected by eye and manually edited in Bioedit. Sequences belonging to the 

family Hydrozoanthidae were used as outgroups. In this manner three aligned datasets were 

generated. All sequence datasets are available upon request from the corresponding author.  

Molecular phylogenetic analyses: 

For the phylogenetic analyses of ITS-rDNA, mt 16S-rDNA and COI, the same methods were 

independently applied. The neighbor-joining (NJ) method (Saitou and Nei 1987) was performed 

using MEGA6 (Tamura et al. 2013), with 1000 replicates of bootstrapping. Maximum-likelihood 

(ML) analyses were performed using PhyML online (Guindon et al. 2010). PhyML was performed 

using an input tree generated by BIONJ with the general time-reversible model (Rodriguez et al. 

1990) of nucleotide substitution incorporating invariable sites and a discrete gamma distribution 

(eight categories) (GTR+I+C). The proportion of invariable sites, a discrete gamma distribution, and 

base frequencies of the model were estimated from the dataset. PhyML bootstrap trees (1000 

replicates) were constructed using the same parameters as the individual ML trees. Bayesian trees 

were constructed in Mr Bayes 3.1.2 (Ronquist and Huelsenbeck 2003) under the GTR + I + I- model. 

One cold and three heated Markov chain Monte Carlo (MCMC) chains with temperature of 0.2 

were run for 1,500,000 generations, subsampling frequency of 200 and a burn in length of 700,000 

for all alignments. 

Morphological analyses: 

The lengths and diameters of individual polyps, tentacle lengths and numbers, color of polyps, 

and diameters of oral disks were measured using in situ images or a dissecting microscope. 

Additionally, polyp densities of colonies attached to identically sized eunicid worm tubes (9 cm in 
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length) were calculated using a counter under a dissecting microscope. For internal morphological 

analyses, some specimens’ polyps were cut into 7 μm cross-sections using a microtome after 

paraffin embedding following Reimer et al. (2010b), and these sections were subsequently stained 

with hematoxylin and eosin. Specimens to examine were selected from each phylogenetic clade (n 

= 3/clade) recovered in the molecular analyses. 

Cnidae analyses: 

Cnidae classification basically followed England (1991) and Ryland and Lancaster (2004). 

However, Schmidt (1974), Hidaka et al. (1987), Hidaka (1992), Fujii and Reimer (2011), and 

Montenegro et al. (2015b) have referred to basitrichs and microbasic b-mastigophores as the same 

type of nematocysts and therefore in this study, these two types were pooled together. We used a 

Nikon Eclipse80i stereomicroscope (Nikon, Tokyo) to count and examine undischarged cnidae, 

which were measured using ImageJ software (National Institute of Health, Bethesda, Maryland, 

Nikon Eclipse80i, Nikon, Tokyo). Specimens to be examined were selected from each phylogenetic 

clade recovered from the molecular analyses. 

b. Antipathozoanthus spp. specimens 

Specimen collection: 

Antipathozoanthus specimens were collected between 2009 to 2016 from localities in 

the Red Sea, the Maldives, Japan, and two localities in Palau, with one comparative specimen of A. 

macaronesicus collected from Pico Island, Azores, Portugal. All specimens were collected by SCUBA. 

Specimen images were taken in situ for gross external morphological analyses. Collected specimens 

were preserved in 99.5% ethanol. 

Molecular analyses: 

Antipathozoanthus DNA was extracted using the guanidine protocol following Sinniger et 

al. (2010). PCR was performed for three genetic markers: mitochondrial cytochrome oxidase 

subunit I (COI), mitochondrial 16S ribosomal DNA (16S-rDNA), and the nuclear internal transcribed 

spacer region of ribosomal DNA (ITS-rDNA) using a HotStarTaq Master Mix Kit (Qiagen, Tokyo, 

Japan). COI was amplified with the following primers: COIZoanF (5’-TGA TAA GGT TAG AAC TTT CTG 

CCC CGG AAC-3’) (Reimer et al. 2007b) and COIantr (5’-GCC CAC ACA ATA AAG CCC AA TAY YCC AAT-

3’) (Sinniger et al. 2010). 16S-rDNA was amplified with the following primers: 16SarmL (5’-GGC CTC 

GAC TGT TTA CCA AA-3’) (Fujii and Reimer 2011) and 16SbmoH (5’-CGA ACA GCC AAC CCT TGG-3’) 
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(Sinniger et al. 2005). The ITS-rDNA was amplified with the following primer pairs: either ITSf (5’-

CTA GTA AGC GCG AGT CAT CAG C-3’) and ITSr  (5’-GGT AGC CTT GCC TGA TCT GA-3’) (both Swain 

2009) or Zoan-f (5’-CTT GAT CAT TTA GAG GGA GT-3’) and Zoan-r (5’-CGG AGA TTT CAA ATT TGA 

GCT-3’) (both Reimer et al. 2007a). The markers were amplified following the thermal cycle 

conditions: 5 min at 95°C followed by 35 cycles of: 30 s at 94°C, 1 min at 40°C, and 1 min 30 s at 

72°C, and followed by a 7 min extension at 72°C for COI; 5 min at 95°C and then 35 cycles of: 1 min 

at 95°C, 1 min at 52°C, and 2 min at 72°C, followed by a 7 min extension at 72°C for 16S-rDNA; and 

5 min at 95°C then 35 cycles of: 1 min at 94°C, 1 min at 50°C, and 2 min at 72°C, followed by a 10 

min extension at 72°C for ITS-rDNA. Amplified PCR products were checked by 1.5 % agarose gel and 

positive PCR products were sequenced in both directions by Fasmac (Kanagawa, Japan) after clean 

up using shrimp alkaline phosphatase (SAP) and Exonuclease I (Takara Bio Inc., Shiga, Japan). 

Molecular phylogenetic analyses: 

Newly obtained sequences were inspected by eye and manually edited using Geneious 

v8.1 (Kearse et al. 2012, http://www.geneious.com) and deposited in GenBank (accession numbers 

MG384639–MG384705). Nucleotide sequences of COI, 16S-rDNA and ITS-rDNA from specimens 

were aligned with previous study sequences from various parazoanthid genera (Antipathozoanthus, 

Bergia, Bullagummizoanthus, Corallizoanthus, Hurlizoanthus, Kauluzoanthus, Kulamanamana, 

Mesozoanthus, Parazoanthus, Umimayanthus, Zibrowius) using the Muscle algorithm (Geneious 

plug-in; Edgar 2004). Sequences of the genus Epizoanthus were selected as the outgroup for all 

three markers’ alignments. The A. hickmani sequence from Reimer and Fujii (2010; EU333790) was 

not included in the COI phylogenetic tree in this study due to its short length (280 bp). The 16SrDNA 

and ITS-rDNA indels were aligned following previous studies (Sinniger et al. 2010; Montenegro et 

al. 2016). Three alignment datasets were generated; 430 sites of 48 sequences for COI; 589 sites of 

57 sequences for 16S-rDNA and 938 sites of 48 sequences for ITS-rDNA. The alignment data are 

available as electronic supplementary material (see publication homepage).   

The generated alignments of each marker were used to construct a concatenated 

alignment. All missing data, including gaps, were replaced with “N". All specimens of 

Antipathozoanthus included in the concatenated alignment included at least ITSrDNA sequences. 

The concatenated alignment consisted of 1957 positions and 54 sequences. Phylogenetic analyses 

of the concatenated alignment were performed using maximum likelihood (ML) and Bayesian 
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inference (BI), with gene partitions set for ML in RAxML v8 (Stamatakis 2014), and gene partitions 

for BI as indicated by jModelTest version 0.0.1 (Posada 2008) per each marker in MrBayes v3.2.2 

(Huelsenbeck and Ronquist 2001) as shown below. Phylogeny reconstructions were performed for 

each marker using neighbor joining (NJ), ML and BI. 

The NJ phylogeny reconstruction was performed using Geneious v8.1 (Kearse et al. 2012; 

http://www.geneious.com) with the Hasegawa-Kishino-Yano genetic distance model (HKY) 

(Hasegawa et al. 1985) and 1000 replicates of bootstrapping. The best-fitting models for ML 

phylogeny reconstruction were performed by jModelTest under Akaike Information Criterion (AIC). 

The following models were suggested by jModelTest: TrN+I for the COI dataset; K80+G for the 16S-

rDNA dataset; HKY+I+G for ITS-rDNA dataset. ML phylogenetic trees were constructed with PhyML 

(Guindon and Gascuel 2003) for each marker independently. PhyML was performed using an input 

tree generated by BIONJ with the models suggested by jModelTest, with 8 gamma-categories of 

substitution rates. Bootstrap replicates (1000) were conducted using the same parameters. The 

best fitting models for BI phylogeny reconstruction was performed by jModelTest under Bayesian 

Information Criterion (BIC). The following models were suggested by jModelTest: K80+G for the COI 

dataset; K80+G for the 16S-rDNA dataset; and HKY+I+G for the ITS-rDNA dataset. BI phylogenetic 

trees were constructed with the program MrBayes as a plug-in in Geneious with the models 

suggested by jModelTest. One cold and three heated Markov chain Monte Carlo (MCMC) chains 

with default temperature were run for 20,000,000 generations, subsampling frequency of 1000 and 

a burn in length of 3,000,000 (15%) for all alignments. Average Standard Deviation of Split 

Frequency (ASDOSF) values were <0.01 for all three Bayesian datasets. 

Morphological analyses: 

Numbers of tentacles, polyp coloration, oral disk coloration, relative tentacle lengths, and 

polyp dimensions (oral disk diameter/polyp height) were examined using in situ images. 

Additionally, the relative development of the coenenchyme was examined using a dissecting 

microscope. Coenenchyme development was classified as 1) “highly developed coenenchyme" 

when polyps covered the antipatharian substrate completely, or 2) “poorly developed 

coenenchyme" when polyps did not completely cover the antipatharian substrate and the 

antipatharians were clearly visible. For internal morphological analyses, we observed mesentery 

arrangement and numbers, and location and shape of marginal muscle. Histological sections of 8 
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μm thickness were made and stained with hematoxylin and eosin after decalcification with Bouin’s 

fluid for 24h. 

Cnidae analyses: 

Cnidae analyses were conducted using undischarged cnidocysts from tentacles, column, 

actinopharynx, and mesenteries filaments of holotype polyps  (n = 6) for all species under a Nikon 

Eclipse80i stereomicroscope (Nikon, Tokyo). Cnidae sizes were measured using ImageJ v1.45s 

(Rasband 2012). Although cnidae classification basically followed England (1991) and Ryland and 

Lancaster (2004), basitrichs and microbasic mastigophores were considered as the same type of 

nematocyst based on studies by Schmidt (1974), Hidaka et al. (1987), and Hidaka (1992), and 

therefore these two types were pooled together in this study. 

c. Symbiodinium within Zoanthus sansibaricus inside and outside Nikko Bay 

Sampling: 

 Zooxanthellate zoantharian Zoanthus sansibaricus specimens were sampled from three 

different depths within Nikko Bay (Nikko I, see Table 1); within the intertidal notch (<1 m, n=29), 

shallow (2-6 m, n=4, colonies were rare), and deep (>15 m, n=15) between January and September 

2016. Additional specimens were collected from areas around Palau outside of Nikko Bay at shallow 

(<5 m, n=10) and deep (>20 m, n=30) depths. Small portions of colonies were collected and fixed 

in 99.5% ethanol for further molecular analyses. At the same time, HOBO pendant temperature 

and light loggers were set at each depth (n=2/depth), with data recorded every 10 minutes for the 

same period as sampling. 

 

DNA extraction, PCR, and phylogenetic analyses (modified from Noda et al. 2017): 

DNA was extracted from preserved colony samples using a DNeasy Blood and Tissue Kit 

(Qiagen, Tokyo, Japan) following the manufacturer’s protocol. We amplified two Symbiodinium 

DNA markers; the ITS2 in the ribosomal DNA array, and a portion of the plastid minicircle non-

coding region (psbAncr). ITS2 sequences were obtained to place our new specimens within the 

phylogenetic framework of this well reported marker, and with past research on Symbiodinium 

within Z. sansibaricus in southern Japan (Reimer et al. 2006; 2007; Kamezaki et al. 2013), while 

psbAncr sequences were obtained to examine finer scale phylogenetic patterns (Noda et al. 2017; 

Reimer et al. 2017a). ITS2 was amplified using the primers zITSf (5′-CCG GTG AAT TAT TCG GAC TGA 
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CGC AGT-3′) and ITS4 (5′-TCC TCC GCT TAT TGATAT GC-3′) (White et al., 1990; Rowan & Powers, 

1992; Hunter et al. 1997). psbAncr was amplified using the primers 7.4-Forw (5′-GCA TGA AAG AAA 

TGC ACA CAA CTT CCC-3′) and 7.8-Rev (5′-GGT TCT CTT ATT CCA TCA ATA TCT ACT G-3′) (LaJeunesse 

& Thornhill, 2011). Reaction mixes contained 1.0 ml of genomic DNA, 7.0 m1 of Milli-Q water, 10.0 

ml of HotStarTaq Plus Master Mix, and 1.0 ml of each primer (10 pmol). Thermocycler conditions 

were as follows: for ITS2: 95.0°C for 5 min; 35 cycles of 94.0°C for 30 s, 51.0°C for 45 s, and 72.0°C 

for 2 min; 72.0°C for 10 min; and for psbAncr: 95.0°C for 5 min; 40 cycles of 94.0°C for 10 s, 55.0°C 

for 30 s, and 72.0°C for 2 min; 72.0°C for 10 min. Products were directly sequenced by Fasmac 

(Kanagawa, Japan).  

ITS-rDNA sequences were simply BLASTed against previously reported sequences in 

GenBank to confirm clade identity of Symbiodinium. The nucleotide sequences for psbAncr were 

aligned within Geneious v9.1.3 (Biomatters Limited, Auckland, New Zealand). Alignments were 

inspected manually, and primer regions and short sequences were excluded. Because the long 

plastid non-coding region rarely sequenced completely, we used only the reverse psbAncr reads. 

The psbAncr forward alignment contained 80 sequences of 278 bp. Previously obtained reverse 

sequences of Symbiodinium from Z. sansibaricus from Okinawa, the Red Sea, and Australia (GBR) 

were incorporated into the psbAncr alignment for reference. 

The alignment was analyzed using neighbor-joining (NJ) and maximum parsimony (MP) 

methods. NJ analyses for both alignments were run within Geneious on default settings under the 

HKY85 model. MP analyses were performed in Paup v4.0a147 (Swofford, 2000) with indels included 

as a fifth character state. All trees were run with 1,000 bootstraps. Genetic distances between and 

within lineages were calculated in MEGA6 (Tamura et al., 2013) using the Maximum Composite 

Likelihood Model (Tamura, Nei & Kumar, 2004). 

 

d. Parasitic copepods 

Specimen collection and morphological analyses: 

Various marine animals, i.e. corals, mollusks, echinoderms and fishes, were collected 

between 2016 to 2017 in Palau. All specimens were collected using snorkel or SCUBA. Copepods 

were carefully removed from hosts and preserved in 99% ethanol for morphological observation. 

Copepods were soaked in lactophenol for approximately one whole day, and then examined under 
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a compound microscope for species identification. 

Results 

1. Comparative quantitative biodiversity: 

Although this research is ongoing, from initial analyses of species and specimen numbers 

from all, we observed the following results:  

a) Specimen numbers were highest in the outer reef sites at both the southwest region (avg. 

n=157, 8 sites) and northeast (n=155, 13 sites), with no significant difference between these 

two regions. Specimen numbers from the lagoon were lower (n=90, 11 sites), and lowest in 

inner bays (n=61, 8 sites) (Figure 2). Numbers of individuals were significantly different 

among groups (ANOVA, P<0.001, N=40) highest in the outer reef sites (Tukey’s multiple 

comparisons test, P < 0.001), lowest in inner bays and lagoons, with similar numbers 

between the latter two categories. Biodiversity was generally high in almost all areas with 

similar levels across sites (Tukey’s multiple comparisons test, P>0.05). 

 

 

 

Figure 2: Schematic demonstrating numbers of animals collected from rubble in each region, with pie charts 
to scale showing relative abundance of each major taxonomic group. 

 
 

b) Airai Bay shows signs of disturbance based on biodiversity levels when compared to other 

bays. There have been recent concerns on increasing runoff and subsequent damage to 

marine communities. Although Airai had among the highest numbers of the individual 

NE reefs
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animals/site

SW reefs
n=155
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animals among bays (n=119), this site exhibited the lowest diversity at the phylum level 

(Shannon’s Index = 1.01). The difference in biodiversity between Airai and the other inner 

bays is statistically significant (one-sample t-test, P=0.01, n=7).  High numbers and low 

diversity are potentially indicators of impacts. 

Malakal Harbor did not show signs of disturbance based on specimen numbers (n=125) 

or Shannon’s Index (=1.2) when compared to other similar environments despite recent 

concerns on increasing pollution levels and subsequent damage to marine communities. 

Note these conclusions will change based on OTU analyses. 

c) Additionally, based on upcoming OTU analyses, we predict the presence of four clusters of 

communities, one for the southwestern reefs, one for the northwestern reefs, one for the 

inner lagoon and Rock Islands, and one for inner bays near rivers.  

2. Population genetics:  

We generated 673 COI sequences of C. maximum, with ~200 sequences of 5 other snail-worm 

species. Results from these other species will be presented elsewhere in the future. 

The population genetic indices of C. maximum were calculated from 582 COI consensus 

sequences (570 bp) of 20 sampling locations across Palau. Population sample size (N), genetic 

diversity indices such as number of haplotypes (H), haplotype diversities (Hd), number of 

segregating sites (S), nucleotide diversities (π) and neutrality tests (Fu's FS) of C. maximum are 

summarized in Table 2. Overall, a total of 56 segregation sites (S) and 102 haplotypes (H) (Hap01-

Hap102) were estimated for C. maximum. P18_Ngerael population had the highest number (18) of 

haplotypes and P10_ExitNikko, P15/17_Ngchesar and P31_NikkoBay populations had the lowest 

numbers (4) of haplotypes (Table 2).
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Table 2: Genetic diversity indices and neutrality test of Ceraesignum maximum based on COI 

sequences. (N) Sample size, (H) number of haplotypes, (Hd) haplotype diversity, (S) number of 

segregating sites, (π) nucleotide diversity; (Fu's FS) neutrality test.  

 

Location Lat long N S H Hd π Fu's FS 
Fu's FS 

(P-values*) 

P01_Teleleu 7°03'13.4"N  134°16'03.5"E 40 18 15 0.8628 0.0045 -6.2324 0.0041 

P02_Peleliu 7°00'24.0"N  134°13'03.6"E 20 10 9 0.7053 0.0034 -3.4178 0.0186 

P03_Ngerchong 7°06'54.0"N  134°21'35.8"E 26 17 14 0.9108 0.0049 -6.8659 0.0008 

P04_Nikko1 7°19'34.2"N  134°29'40.0"E 19 8 8 0.8246 0.0029 -2.9974 0.0205 

P05_Lighthouse 7°16'58.0"N  134°27'52.1"E 14 6 5 0.5934 0.0023 -0.9857 0.1761 

P06_Ngkesol 7°56'38.3"N  134°39'50.0"E 38 16 14 0.9004 0.0051 -4.5015 0.0241 

P07_Uchelbeluu 7°15'42.0"N  134°32'34.2"E 23 8 7 0.5731 0.0019 -2.9488 0.0185 

P08_Ngetngod 7°21'45.2"N  134°37'11.5"E 32 11 7 0.5847 0.0025 -1.3898 0.2074 

P10_ExitNikko 7°19'45.0"N  134°29'58.6"E 17 7 4 0.6544 0.0047 0.8581 0.7117 

P11_EntranceNikko 7°19'21.4"N  134°29'59.4"E 19 9 8 0.8714 0.0044 -1.5844 0.1731 

P14_Ebiil 7°47'18.6"N  134°35'34.3"E 25 11 8 0.7933 0.0038 -1.3677 0.2340 

P15/17_Ngchesar 7°25'45.0"N  134°35'54.7"E 16 5 4 0.7250 0.0035 1.3846 0.7967 

P18_Ngerael 7°59'44.8"N  134°32'27.0"E 39 18 18 0.8785 0.0045 -10.5963 0.0000 

P19_Siaes 7°18'24.6"N  134°13'53.4"E 30 16 11 0.7632 0.0034 -4.4601 0.0093 

P20_Ngaremlengui 7°33'23.4"N  134°28'06.0"E 38 17 14 0.8265 0.0040 -6.1842 0.0037 

P21_Nderdiluches 7°25'07.2"N  134°20'43.8"E 44 16 16 0.8721 0.0044 -7.0817 0.0015 

P26_Ngaraard 7°35'12.6"N  134°38'57.0"E 51 16 15 0.8518 0.0050 -4.3510 0.0402 

P29_KB_Bridge 7°21'44.2"N  134°30'15.2"E 30 14 11 0.7425 0.0037 -4.0047 0.0191 

P30_Kayangel 8°02'31.6"N  134°41'10.8"E 41 11 12 0.7415 0.0031 -5.0708 0.0066 

P31_NikkoBay 7°20'06.5"N  134°29'24.2"E 20 4 4 0.6053 0.0031 1.4118 0.7965 

Overall  
  

582 56 102 0.8425 0.0041 -3.5193 0.1631 

 significant values P < 0.05 (in bold)  

The haplotype diversity (Hd) was relatively similar and the highest Hd occurred in P03_Ngerchong 

(0.9108) and P06_Ngkesol (0.9004) populations. However, the lowest haplotype diversity (0.5731) 

was estimated in P07_Uchelbeluu population (Table 2). Similarly, the nucleotide diversity (π) was 
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the highest in P03_Ngerchong (0.0049) and P06_Ngkesol (0.0051) populations and was lowest in 

the P07_Uchelbeluu (0.0019) population of C. maximum (Table 2). The haplotype diversity 

showed relatively high values among most of C. maximum populations (Table 2). 

Consensus sequences of mtDNA COI were used to construct a median-joining haplotype 

network for 20 populations of C. maximum (Figure 3). Haplotype H03 was relatively centered in 

the haplotype network and dominated among all populations with 222 specimens (Figure 3). 

Some haplotypes such as H01, H02, H04, H11, H18, H22, H34, H37, H39, H50 and H53 were shared 

among 4 populations or more (~ 10 populations). Overall, most populations had unique 

haplotypes of C. maximum (Figure 3). The distribution of haplotypes among the reef habitats 

represented 34 haplotypes in outer reef sites, 44 haplotypes of inner reef, and 24 haplotypes 

shared between outer and inner reefs (Figure 4).  

 

Figure 3: Haplotype network based on median-joining algorithm generated from mtDNA COI sequences of 582 

individuals among 20 populations. 
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Figure 4: Neighbor-joining tree constructed for the haplotypes of Ceraesignum maximum based on Jukes-Cantor 

distance. The bootstrap percentages (>50%) are shown above and below the branches. 

 

ΦST pairwise values were calculated between each population pair and showed significant p 

values in P31_NikkoBay among all populations (Table 3). Similarly, the matrix of FST pairwise 

showed significant values among most of the populations of C. maximum (Figure 5) Additionally, 

the principle component analysis (PCA) were estimated from ΦST pairwise data and showed two 

clusters of inner and outer reefs for C. maximum (Figure 6). 
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Figure 5: Graphic representation of FST pairwise among 20 populations of Ceraesignum maximum. 
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Figure 6: Principle component analysis (PCA) of 20 populations of Ceraesignum maximum. Colors are inner 

(red) and outer (green) reefs, numbers as in Figure 5. 
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Different hierarchical analyses of molecular variance (AMOVA) showed significant divergence 

(P < 0.05) between groups (inner and outer reef) and among populations within group (Table 4). 

The neutrality tests Fu's (FS) of C. maximum showed negative values (Table 2) and significant p 

values (p < 0.05) in five inner reefs populations (P01_Teleleu, P03_Ngerchong, P04_Nikko1, 

P06_Ngkesol and P29_KB_Bridge) and eight outer reefs (P02_Peleliu, P07_Uchelbeluu, 

P18_Ngerael, P19_Siaes, P20_Ngaremlengui, P21_Nderdiluches, P26_Ngaraard and 

P30_Kayangel) populations. However, most of the other populations presented negative values 

but insignificant p values of neutrality tests (Table 2). 

 

 

 

 

 

 

 

 

  

Table 3: ΦST pairwise inferred from mtDNA COI sequences of Ceraesignum maximum.

Population	 P01 P02 P03 P04 P05 P06 P07 P08 P10 P11 P14 P15/17 P18 P19 P20 P21 P26 P29 P30 P31

P01_Teleleu 0

P02_Peleliu 0.019 0

P03_Ngerchong 0.0295 0.035 0

P04_Nikko1 0.0215 0.0289 0.0416 0

P05_Lighthouse -0.0097 -0.008 -0.0113 0.0045 0

P06_Ngkesol 0.0412 0.0414 0.0498 0.0355 0.0118 0

P07_Uchelbeluu 0.0309 0.0492 0 0.0763 -0.0027 0.0858 0

P08_Ngetngod 0.0078 0.0144 0.0165 0.0122 -0.0334 0.0433 0.0168 0

P10_ExitNikko 0.0628 0.0734 0.0295 0.0744 0.0423 0.1057 0.0606 0.0589 0

P11_EntranceNikko 0.0461 0.0268 0.0591 0.026 0.0172 0.064 0.0701 0.0479 0.0998 0

P14_Ebiil 0.0296 0.0501 0.0473 0.0233 0.0142 0.0729 0.0545 0.0287 0.0756 0.0213 0

P15/17_Ngchesar 0.1006 0.1021 0.1428 0.0859 0.1433 0.0811 0.2298 0.157 0.2322 0.0555 0.1319 0

P18_Ngerael -0.0083 0.0218 0.0206 0.017 -0.0095 0.0302 0.043 0.0086 0.064 0.0528 0.0446 0.103 0

P19_Siaes 0.0313 0.0203 0.0028 0.0353 -0.0109 0.071 -0.0224 0.011 0.042 0.0379 0.0467 0.141 0.0332 0

P20_Ngaremlengui 0.0269 -0.0122 0.044 0.0316 0.0049 0.0632 0.0582 0.0243 0.0794 0.0332 0.0585 0.0793 0.0224 0.0343 0

P21_Nderdiluches 0.0344 0.0024 0.0482 0.0224 0.0045 0.0236 0.0679 0.035 0.0929 0.043 0.0554 0.0533 0.028 0.0464 0.0162 0

P26_Ngaraard 0.0042 0.0519 0.0502 0.0436 0.0296 0.0517 0.084 0.0495 0.1009 0.0724 0.0674 0.0928 -0.0007 0.0717 0.0495 0.0495 0

P29_KB_Bridge -0.0068 0.0207 0.0142 0.0295 -0.0167 0.0485 0.0206 0.003 0.0582 0.057 0.0433 0.151 -0.0064 0.0209 0.0305 0.0396 0.0238 0

P30_Kayangel 0.0386 0.0183 0.0575 0.0603 0.0106 0.0803 0.0543 0.0313 0.0819 0.0737 0.0751 0.1602 0.0291 0.0315 0.0341 0.0468 0.0771 0.0307 0

P31_NikkoBay 0.2237 0.2392 0.2587 0.1684 0.2916 0.1794 0.3948 0.2979 0.3204 0.2053 0.2299 0.1812 0.2009 0.294 0.2029 0.1783 0.1997 0.2741 0.28938 0

* Significant values P < 0.05 (in bold)
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Table 4: Analysis of molecular variance (AMOVA) between two groups [group I: inner reef (P01_Teleleu, 

P03_Ngerchong, P04_Nikko1, P05_Lighthouse, P06_Ngkesol, P10_ExitNikko, P11_EntranceNikko, P14_Ebiil, 

P15/17_Ngchesar, P29_KB_Bridge and P31_NikkoBayPatColin); group II: outer reef (P02_Peleliu, 

P07_Uchelbeluu, P08_Ngetngod, P18_Ngerael, P19_Siaes, P20_Ngaremlengui, P21_Nderdiluches, P26_Ngaraard 

and P30_Kayangel)] of Ceraesignum maximum. 

Source of variation d.f. 
Sum of 

squares 

Percentage of 

variation 
Fixation indices P values 

Among groups 1 3.346 0.00 ФCT = 0.0000 0.0000 

Among populations within groups 18 56.024 6.00 ФSC = 0.0600 0.0000 

Within populations 562 616.9 93.99 ФST = 0.0601 0.3607 

* Significant values P < 0.05 (in bold) 

 

The migration rates were estimated based on Maximum Likelihood Estimates (MLEs) using 

LAMARC software among the 20 populations of C. maximum (Figure 6). The highest migration 

rates were estimated from P07-Uchelbeluu into P02-Peleliu, from P08-Ngetngod into P29-KB-

Bridge and P18-Ngerael, from P03-Ngerchong into P10-ExitNikko and from P02-Peleliu into P08-

Ngetngod (Figure 7). 
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Figure 7: Circos plot of migration rates based on LAMARC output data of the 20 populations of Ceraesignum 

maximum. The directions with the highest migration rates are marked with yellow chevrons. 

 

3. Focused taxonomic studies:  

The discovery and description of species (Kise & Reimer 2016; Kise et al. 2017), and new 

records in Palau (Reimer et al. 2014, Montenegro et al. 2015a) were completed. Such discoveries 

were mainly made on the outer reef walls and slopes, in marine caves, and in Nikko Bay. These 

results indicate that there remains much understudied and undiscovered marine biodiversity in 

Palau, particularly in understudied taxa. As well, ecosystems and environments unique to Palau 

such as marine caves, marine lakes, and Nikko Bay, may harbor rare, unknown, and potentially 

even endemic populations or species. 

Specific results as follows: 

a. Epizoanthus spp. specimens (note this section reproduced and edited slightly from Kise & 

Reimer 2016) 

Systematics 

Phylum Cnidaria Hatschek, 1888  

Class Anthozoa Ehrenberg, 1831  
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Subclass Hexacorallia Haeckel, 1896  

Order Zoantharia Gray, 1832  

Suborder Macrocnemina Haddon & Shackleton, 1891  

Family Epizoanthidae Delage & Hérouard, 1901  

Genus Epizoanthus Gray, 1867  

Epizoanthus Gray, 1867  

Type species. Epizoanthus papillosus Johnston, 1842.  

Synonym. Epizoanthus incrustatus (Dueben & Koren, 1847) (ICZN 1991: case 2750).  

Remark. Herein, we choose to use the ordinal name Zoantharia Gray, 1832 as in the World 

Register of Marine Species (Hoeksema and Reimer, 2015). Although Zoantharia Gray, 1832, has 

identical spelling with the supraordinal name Zoantharia de Blainville, 1830, the latter name has 

fallen from common use—Hexacorallia Haeckel, 1896, being favoured. 

Epizoanthus beriber  

http://zoobank.org/7F0A1F6F-4922-4C2C-AF62-33948394AC97  

Material examined. Holotype. NSMT-Co1575 (MISE-HK129), 7°5'01.0"N, 134°15'80.0"E, Turtle 

Cove, Palau, depth 20 m, collected by Hiroki Kise, May 6, 2015, divided in two pieces, one portion 

fixed in 99.5% EtOH and the other in 5–10% saltwater formalin, deposited in National Museum of 

Nature and Science, Tokyo, Japan. Paratype 1. RMNH 42101 (MISE-HK126), 7°8'29.4"N, 

134°13'23.3"E, Blue Hole, Palau, depth 36 m, collected by Hiroki Kise, May 5, 2015, divided in two 

pieces, one portion fixed in 99.5% EtOH and other in 5–10% saltwater formalin, deposited in 

Naturalis Biodiversity Center, Leiden, The Netherlands. Paratype 2. USNM 1296758, USNM 

1296759 (MISE-HK113), 7°18'54.8"N, 134°13'13.3"E, Siaes Tunnel, Palau, depth 30 m, collected 

by Hiroki Kise, April 28, 2015, divided in two pieces, one portion fixed in 99.5% EtOH and other in 

5–10% saltwater formalin, deposited in Smithsonian Institution National Museum of Natural 

History, Washington, D.C., USA. Other material. MISE-HK112, 7°18'54.8"N, 134°13'13.3"E, Siaes 

Tunnel, Palau, depth 37 m, collected by Hiroki Kise, April 28, 2015, divided in two pieces and fixed 

in 99.5% EtOH and 5–10% saltwater formalin, respectively; MISE-HK116, 7°18'54.8"N, 

134°13'13.3"E, Siaes Tunnel, Palau, depth unknown, collected by Hiroki Kise, April 28, 2015, 

divided in two pieces and fixed in 99.5% EtOH and 5–10% saltwater formalin, respectively; MISE-



PICRC Technical Report No. 18-03 

 

 27 

HK117, 7°18'54.8"N, 134°13'13.3"E, Siaes Tunnel, Palau, depth unknown, collected by Hiroki Kise, 

April 28, 2015, fixed in 99.5% EtOH; MISE-HK118, 7°18'54.8"N, 134°13'13.3"E, Siaes Tunnel, Palau, 

depth unknown, collected by Hiroki Kise, April 28, 2015, fixed in 99.5% EtOH; MISE-HK119, 

7°18'54.8"N, 134°13'13.3"E, Siaes Tunnel, Palau, depth 19 m, collected by Hiroki Kise, April 28, 

2015, fixed in 99.5%; MISE-HK120, 7°18'54.8"N, 134°13'13.3"E, Siaes Tunnel, Palau, depth 

unknown, collected by Hiroki Kise, April 28, 2015, fixed in 99.5% EtOH; MISE-HK124, 8°19'00.0"N, 

134°63'00.0"E, Negruangel, Palau, depth 27 m, collected by Hiroki Kise, April 29, 2015, fixed in 

99.5% EtOH; MISE-HK125, 7°8'29.4"N, 134°13'23.3"E, Blue Hole, Palau, depth 32 m, collected by 

Hiroki Kise, May 5, 2015, divided in two pieces and fixed in 99.5% EtOH and 5–10% saltwater 

formalin, respectively; MISE-HK127 7°8'29.4"N, 134°13'23.3"E, Blue Hole, Palau, depth 36 m, 

collected by Hiroki Kise, May 5, 2015, fixed in 99.5% EtOH; HK128 7°8'12.3"N, 134°13'16.5"E, Blue 

Corner, Palau, depth 29 m, collected by Hiroki Kise, May 5, 2015, fixed in 99.5% EtOH.  

Description of holotype. Colony of approximately 75 polyps connected by moderately 

developed coenenchyme on eunicid worm tubes. Polyps were attached to from base to proximal 

extremity of zig-zag shaped tubes of eunicid worms, and attached to not only bent sections but 

also to other locations. Polyps approximately 1.4 to 1.9 mm high from coenenchyme, and 0.7-1.0 

mm in diameter. Azooxanthellate. Polyp external coloration is white, oral disk solid in color, 

ranging from light brown to brown (Figure 8d). Tentacles are transparent and approximately 20-

22 in number.  

Diagnosis. Morphology. Polyps connected by moderately developed coenenchyme on eunicid 

worm tubes belonging to the genus Eunice, as are Epizoanthus illoricatus and E. inazuma. Polyps 

are either circular cones or cylindrical, and approximately 0.5 to 2.1 mm high from coenenchyme 

(=length) and 1.1 to 2.1 mm diameter (in 5–10% seawater formalin). Maximum diameter of polyps 

is approximately 3 mm, maximum height approximately 5 mm in situ. Polyps have 20-22 tentacles 

that are longer than oral disk diameter. In addition, polyp external color is white while oral disk is 

light brown to brown.  

Internal anatomy. Mesogleal thickness approximately 80 μm. We could not obtain cross-

sections or images to observe mesentery arrangement due to heavy sand encrustation.  

Cnidae. Holotrichs, basitrichs, microbasic p-mastigophores, spirocysts (see Table 5, Figure 9).  
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Etymology. Epizoanthus beriber is named after the legendary Beriber of Palauan folklore, who 

lived in a cave at Oikuul in Airai State, as this species has been found only in caves. Common 

Japanese name. ‘Ziguzagu-yadori-sunaginchaku’ (Japanese name).  

Distribution and habitat. Epizoanthus beriber is found only on the floor or sides of caves, and 

always in association with eunicid worm tubes (Figure 8d, e). Specimens were collected from 20-

40 m in this study. E. beriber is known from Palau and Papua New Guinea. However, it may be 

distributed around the Pacific Ocean as we have speculated for E. inazuma. 

Remarks. Epizoanthus beriber can be distinguished from E. illoricatus and E. inazuma by 

habitat and coloration. E. beriber was found only in caves while E. inazuma and E. illoricatus were 

found on reef slopes or flat reef floors. E. beriber has white colonial polyps with a moderately 

developed coenenchyme (Figure 8d, e) while E. inazuma has black colonial polyps with a well-

developed coenenchyme and E. illoricatus has gray, yellow or black colonial polyps with a either 

poorly developed or well-developed coenenchyme (Figure 8a–c, f).  

The holotype of E. illoricatus was presumably collected by dredging or net as there was no 

SCUBA in the 1930s; and it can be inferred that the holotype of E. illoricatus lived in a location 

where it could be collected by such a method, such as on a reef flat or reef slope. E. inazuma is 

also found in such areas. However, E. beriber is only known from underwater caves that cannot 

be easily accessed from the surface. 

Sequences from Epizoanthus spp. specimens attached to eunicid worm tubes formed a large 

monophyletic clade along with other Epizoanthus spp. in the phylogenetic tree of all three DNA 

markers (Figures 10–12). The phylogenetic trees’ topologies were very similar for all three DNA 

markers.  

Although the morphological features of Epizoanthus inazuma and E. beriber were generally 

very similar to those of E. illoricatus, sequences were clearly separated into three monophyletic 

clades in the ITS-rDNA tree (Figure 10); all sequences of E. inazuma were contained in a 

monophyletic clade with very strong support (ML = 99%; NJ = 100%; Bayes = 1), and all sequences 

of E. beriber were also contained in another monophyletic clade with very strong support (ML = 

100%; NJ = 100%; Bayes = 1). All sequences of E. illoricatus, including previously reported 

sequences from GenBank, were contained in another monophyletic clade with strong support (ML 
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= 95%; NJ = 97%; Bayes = 0.86).  

The resulting trees from mt 16S-rDNA and COI sequences from specimens in this study also 

demonstrated that all three species were different (Figures 11, 12, respectively); E. inazuma and 

E. beriber were each contained in monophyletic clades with moderate to strong support (COI: ML 

= 98%; NJ = 100%; Bayes = 1; and ML = 84%; NJ = 75%; Bayes = 0.97: mt 16S-rDNA: ML = 96%; NJ 

= 97%; Bayes = 0.99; and ML = 68; NJ = 78: Bayes = 0.98; respectively). There were 5-6 bp 

differences between E. beriber and E. illoricatus in the each of the mt 16S-rDNA and COI regions.  

Previously reported sequences of Epizoanthus aff. illoricatus (ITS-rDNA: GQ464895; mt 16S-

rDNA: GQ464866) from Station M, Monterey Bay, California, USA were also contained within the 

clade of Epizoanthus spp. attached to eunicid worm tubes (Figures 10–11), although it is not clear 

which host this specimen was attached to (T. Swain, MorphBank collection number 477931 

[MorphBank 2015]). In the ITS-rDNA tree, the sequence from this specimen was sister to a clade 

consisting of E. illoricatus and E. beriber sequences with poor support (ML = < 50%; NJ = 55%; 

Bayes = 0.79) (Figure 10), and was sister to the large E. illoricatus + E. inazuma + E. beriber clade 

in the mt 16S-rDNA tree (Figure 11). Previously reported sequences of Epizoanthus sp. ‘Deep 

Mediterranea’ 1 (mt 16S-rDNA: EF672678; COI: EF687817) were also contained in the clade of 

Epizoanthus spp. attached to eunicid worm tubes (Figures 11-12), although this specimen was 

apparently not associated with any living substrate (F. Sinniger pers. comm.). This sequence was 

sister to a large, moderately well supported clade of E. illoricatus, E. inazuma, and E. beriber (ML 

= 64%; NJ = 85%; Bayes = 0.55) in the mt 16S-rDNA tree (Figure 11), and was contained in a clade 

with E. illoricatus sequences in the COI tree (Figure 12). 
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Figure 8. In situ images of Epizoanthus illoricatus, E. inazuma sp. n. and E. beriber sp. n. a E. illoricatus; with highly 

developed coenenchyme and high density of polyps. Image taken on September 12, 2014, at Siaes Tunnel, Palau. 

Specimen number HK67. Image taken by J. D. Reimer b E. illoricatus; with poorly developed coenenchyme and low 

density of polyps. Image taken on July 19, 2014, at Cape Manzamo, Okinawa, Japan. Specimen number HK53 c E. 

illoricatus; yellow colored colonies. Image taken on November 21, 2015, at Cape Manzamo, Okinawa, Japan. 

Specimen number HK100 d E. beriber sp. n.; with low density polyps. Image taken on May 6, 2015, at Turtle Cove, 

Palau. Specimen number HK129 (holotype) e E. beriber sp. n.; open polyps. Image taken on April 28, 2015, at Siaes 

Tunnel, Palau. Specimen number HK113 f E. inazuma sp. n.; black colored colony. Image taken on April 5, 2014, at 

Cape Manzamo, Okinawa, Japan. Specimen number HK54 (holotype). All images excepting specimen number 

HK67 taken by H. Kise. Scale bars: 3 cm. Reproduced from Kise & Reimer (2016). 
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Figure 9. Cnidae in tentacles, column, pharynx, filaments of Epizoanthus illoricatus, E. inazuma sp. n. and E. beriber 

sp. n. respectively. HL holotrichs large HM holotrichs medium HS holotrichs small B basitrichs pM microbasic p-

mastigophores S spirocysts. Reproduced from Kise & Reimer (2016). 
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Figure 10. Maximum likelihood (ML) tree based on internal transcribed spacer region of ribosomal DNA sequence. 

Numbers on nodes represent ML and neighbor-joining (NJ) bootstrap values (> 50% are shown). Bold branches 

indicate high supports of Bayesian posterior probabilities (> 0.95). Sequences obtained from GenBank are shown with 

accession numbers. Reproduced from Kise & Reimer (2016). 
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Figure 11. Maximum likelihood (ML) tree based on mitochondrial 16S ribosomal DNA sequence. Numbers on nodes 

represent ML and neighbor-joining (NJ) bootstrap values (> 50% are shown). Bold branches indicate high supports of 

Bayesian posterior probabilities (> 0.95). Sequences obtained from GenBank are shown with accession numbers. 

Reproduced from Kise & Reimer (2016). 
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Figure 12. Maximum likelihood (ML) tree based on mitochondrial cytochrome oxidase subunit I sequence. Numbers 

on nodes represent ML and neighbor-joining (NJ) bootstrap values (> 50% are shown). Bold branches indicate high 

supports of Bayesian posterior probabilities (> 0.95). Sequences obtained from GenBank are shown with accession 

numbers. Reproduced from Kise & Reimer (2016). 
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Table 5. Cnidae types and sizes of Epizoanthus inazuma sp. n., Epizoanthus beriber sp. n. and Epizoanthus illoricatus. 

Frequency: relative abundance of cnidae type in decreasing order; numerous, common, occasional, rare (N = number 

of specimens found/total specimens examined). Reproduced from Kise & Reimer (2016). 
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b. Antipathozoanthus spp. specimens (note this section reproduced and edited slightly from Kise 

et al. 2017) 

Systematics 

Antipathozoanthus Sinniger, Reimer & Pawlowski, 2010 

Type species. Antipathozoanthus macaronesicus (Ocana & Brito, 2003) 

Diagnosis. Macrocinemic zoantharians with cteniform endodermal muscle or endo-meso 

transitional sphincter muscle (Swain et al. 2015). Substrate consists of either antipatharians or 

coral carbonate (reef). Genetic distance of mitochondrial COI sequences and insertion/deletion 

patterns in 16S-rDNA sequences are significantly different from those in other parazoanthid 

genera (Sinniger et al. 2005, 2010). 

Remarks. Four of five formally described species grow mainly on antipatharians, but this character 

is not exclusive to all species in the genus as A. obscurus is not associated with any host organism. 

Results of the current study showed that A. obscurus is clearly placed within this genus according 

to COI and 16S-rDNA sequence analyses. Thus, these non-associated species/specimens are 

within the genus based on their phylogenetic position but do not fit the original definition of the 

genus by Sinniger et al. (2010). 

Antipathozoanthus remengesaui 

http://zoobank.org/ 

Figure 13c 

Antipathozoanthus sp. sensu Reimer et al. 2014a, 2, fig. 1d 

Antipathozoanthus sp. 1 sensu Reimer and Fujii 2017, 304, fig. 14.4c. 

Material examined. Holotype: NSMT-Co1603 (MISE-PALAU2), colony of approximately 70 polyps 

connected by poorly developed white coenenchyme on genus Antipathes antipatharian 

(Hexacorallia: Antipatharia: Antipathidae). Preserved polyps approximately 1.5–3.0 mm in 

diameter, and approximately 1.5–2.0 mm in height from coenenchyme. Collected from Blue Hole, 

Palau (7°8'29.4"N, 134°13'23.3"E) at a depth of 23 m by JDR, 15 September 2014. 

Paratypes: RMNH.Coel.42321 (MISE-MAL84), collected from Wall Street, Maldives (3°07'14.2"N, 

72°58'464.9"E) at a depth of 9 m by JDR, 7 May 2014; RUMFZG-4397 (MISE-MAL85), collected 

from Wall Street, Maldives (3°07'14.2"N, 72°58'464.9"E) at a depth of 9 m by JDR, 7 May 2014; 
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RUMF-ZG-4398 (MISEJDR209), collected from Yanbu, Saudi Arabia, (24°26'N, 37°14'E) at a depth 

of 11 m by JDR, 4 October 2013; RUMF-ZG-4399 (MISE-TF102), collected from Okogashima Island, 

Kagoshima, Japan (31°33'58.75"N, 130°35'32.01"E) at a depth of 20 m by TF, 26 July 2011; RUMF-

ZG-4400 (MISE-TF103), collected from Okoga-shima Island, Kagoshima, Japan (31°33'58.75"N, 

130°35'32.01"E) at a depth of 40 m by TF, 26 July 2011. 

Other materials examined: MISE-PALAU3, collected from Siaes Tunnel, Palau (7°18'54.8"N, 

134°13'13.3"E) at a depth of 37 m by JDR, 15 September 2014; MISE-PALAU4, collected from Blue 

Hole, Palau (7°8'29.4"N, 134°13'23.3"E) at a depth of 28 m by JDR, 12 September 2014; MISE-

KINKO2, collected from Hakamagoshi, Sakurajima Island, Kagoshima, Japan (31°35'23.5"N, 

130°35.27.8"E) at a depth of 21 m by JDR, 20 September 2015; MISE-TF173, collected from Onna, 

Okinawa, Japan at depth of 15 m by TF, 27 June 2014; MISEMAL46, collected from Coral Garden, 

Maldives (3°05'24.3"N, 72°58'04.5"E) at a depth of 24 m by JDR, 6 May 2014; MISE-MAL82, 

collected from Wall Street, Maldives (3°07'14.2"N, 72°58'464.9"E) at a depth of 9 m by JDR, 7 May 

2014; MISE-MAL83, collected from Wall Street, Maldives (3°07'14.2"N, 72°58'464.9"E) at a depth 

of 9 m by JDR, 7 May 2014; MISE-MAL2502602, collected from Capital Reef, Maldives (3°02'55.8"N, 

72°53'21.2"E) at a depth of 19 m by Marco Oliverio, 16 May 2014; MISE-MAL145, collected from 

Wall Street, Maldives (3°07'14.2"N, 72°58'464.9"E) at a depth of 12 m by JDR, 10 May 2014; MISE-

MAL147, collected from Wall Street, Maldives (3°07'14.2"N, 72°58'464.9"E) at a depth of 10 m by 

JDR, 10 May 2014; MISE-MAL261, collected from Wall Street, Maldives (3°07'14.2"N, 

72°58'464.9"E) at a depth of 9 m by JDR, 17 May 2014; MISE-HK70, collected from Siaes Tunnel, 

Palau (7°18'54.8"N, 134°13'13.3"E) by Hiroki Kise (HK), 12 September 2014, depth not available; 

MISE-HK90, collected from Blue Hole, Palau (7°8'29.4"N, 134°13'23.3"E) at a depth of 22 m by HK, 

15 September 2014; MISEJDR211, collected from Yanbu, Saudi Arabia, (24°26'N, 37°14'E) at a 

depth of 12 m by JDR, 4 October 2013; MISE-JDR214, collected from Yanbu, Saudi Arabia, (24°26'N, 

37°14'E) at a depth of 12 m by JDR, 4 October 2013. 

Diagnosis. External morphology: Polyps in situ are approximately 4–8 mm in diameter, and 

approximately 3–8 mm in height in situ when oral disks expanded (Figure 13). Colonial zoantharian, 

white or off-white polyps that may be solitary or connected by a white and poorly developed 

coenenchyme on Antipathes substrate. Antipathozoanthus remengesaui has approximately 40–
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42 tentacles that are pinkish or/and translucent. Tentacles are usually as long as open oral disk 

diameter. Oral disk is pink or bright brown in color, and the capitulum is also pinkish or bright 

brown in color when polyps are closed. Polyps encrusted with visible sand particles (1–3 mm) in 

their coenenchyme and ectodermal tissue. Colonies attached on axis from proximal extremity to 

base of Antipathes. 

Internal morphology: Cteniform endodermal marginal muscle sensu Swain et al. 2015. 

Azooxanthellate. The large scattered lacunae in ectoderm and mesogleal are present due to their 

encrustations. 

Cnidae: Holotrichs (large and medium), basitrichs and microbasic p-mastigophores (usually 

difficult to distinguish), spirocysts (Figure 14; Table 6). 

Habitat and distribution. Antipathozoanthus remengesaui has been found on the sides and/or 

floors of cave entrance, and always on Antipathes. Specimens were collected from depths of 9 to 

40 m. This species is known from Palau, Kagoshima in Japan, the Maldives, and the Red Sea. 

Differential diagnosis. In the Pacific, Antipathozoanthus remengesaui can be distinguished from 

A. hickmani by the development of the coenenchyme and in part by polyp size; the larger polyps 

(4–12 mm in diameter and 4–15 mm in height) of A. hickmani are connected by a well-developed 

coenenchyme on Antipathes galapagensis, while the slightly smaller polyps (4–8 mm in diameter 

and 3–8 mm in height in situ) of A. remengesaui are either connected by a poorly developed 

coenenchyme or may even be solitary on Antipathes. Additionally, the cnidomes of these species 

are different; A. hickmani does not have spirocysts in the column, while A. remengesaui has 

spirocysts in the column.  

Remarks. The Antipathozoanthus remengesaui specimens found in Kagoshima, Japan have 

different morphological features compared to the specimens found in all other regions. 

Specimens collected from Kagoshima have relatively large polyps (6–8 mm in diameter, and 

approximately 5–8 mm in height in situ) compared to specimens from other regions. The 

coloration of oral disks is also different between Kagoshima and other regions; A. remengesaui 

from Kagoshima has a bright brown oral disk, while those from other regions have pink oral disks. 

However, sequences of these specimens collected from all regions formed a monophyletic clade 

for all genetic markers including ITS-rDNA. In terms of substrate organisms, A. remengesaui 
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collected from all regions in this study was associated with black corals of the genus Antipathes. 

Here, we have described this group as a single species, A. remengesaui, based on phylogeny and 

substrate specificity, although we have excluded some specimens for which we could not amplify 

ITS-rDNA successfully from the type series. 

Etymology. Antipathozoanthus remengesaui is named after Tommy Esang Remengesau, Jr., the 

current president of the Republic of Palau, who has greatly contributed to marine research and 

conservation in Palau. 

Common name. Momoiro-mame-tsuno-sunaginchaku (Japanese name). 

 

Antipathozoanthus cavernus 

http://zoobank.org/ 

Figure 13d 

Material examined. Holotype: NSMT-Co1604 (MISE-KINKO1), colony of approximately 125 polyps 

connected by a highly developed coenenchyme on genus Myripathes (Antipatharia: 

Myriopathidae). Preserved polyps approximately 2.0–5.0 mm in diameter, and approximately 2.0–

5.0 mm in height from coenenchyme. Collected from Sakurajima, Kagoshima, Japan (31°35'23.5"N, 

130°35.27.8"E) at a depth of 21 m by JDR, 20 September 2015. 

Paratypes: RUMF-ZG-4401 (MISE-MAL2592601), collected from Capital Reef, Maldives 

(3°02'55.8"N, 72°53'21.2"E) at a depth of 19 m by Marco Oliverio, 16 May 2014; 

RMNH.Coel.42322 (MISE-PALAU5), collected from Siaes Tunnel, Palau (7°18'54.8"N, 

134°13'13.3"E) at a depth of 39 m by JDR, 15 September 2014. 

Diagnosis. External morphology: Polyps in situ are approximately 4–15 mm in diameter when oral 

disk is expanded, and approximately 3–10 mm in height (Figure 13). Colonial zoantharian with 

polyps connected by highly developed coenenchyme on Myripathes. Antipathozoanthus cavernus 

has approximately 32–40 translucent tentacles of approximately 1 to 5 mm in length. Tentacle 

lengths are either as long as or slightly shorter than expanded oral disk diameter. Polyps have 

orange oral disk with orange or light orange ring around oral disk. When polyps are closed, 

capitular ridges are present and observed clearly, numbering approximately 16–20. The capitulum 

is orange or light orange in color. Polyps encrusted with visible sand particles (1–8 mm) in their 
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coenenchyme and ectodermal tissue. Polyps usually much more encrusted than coenenchyme. 

Colonies attached on axis from proximal extremity to base of Myripathes. 

Internal morphology: Cteniform endodermal arrangement marginal muscle sensu Swain et al. 

(2015) in longitudinal section. Azooxanthellate. Large scattered lacunae in ectoderm and 

mesogleal are present due to their encrustations. 

Cnidae: Holotrichs (large and medium), basitrichs and microbasic p-mastigophores  (usually 

difficult to distinguish from each other), spirocysts (Figure 14; Table 6). 

Habitat and distribution. Antipathozoanthus zzz is found on the sides and/or floor of cave 

entrances, and on steep slopes, and always on Myripathes. Specimens were collected from depths 

of 19 to 39 m. 

Differential diagnosis. Antipathozoanthus cavernus occurs in similar environments as A. 

remengesaui, but these species can be distinguished by their coenenchyme development and by 

the generic identity of the antipatharian host. A. remengesaui is associated with genus Antipathes 

(family Antipathidae) covered by a poorly developed coenenchyme, while A. cavernus is 

associated with genus Myripathes (family Myripathidae) covered by a highly developed 

coenenchyme. A. cavernus can be distinguished from A. hickmani by a different coloration and by 

its antipatharian association; A. cavernus does not have red or cream colored polyps as seen in A. 

hickmani. Additionally, A. hickmani is associated with Antipathes galapagensis, while A. cavernus 

is associated with genus Myripathes. A. macaronesicus is easily distinguishable from A. cavernus 

by their polyp coloration (orange and light orange versus pinkish and yellowish, and their 

antipatharian host (genus Antipathes versus genus Myripathes). Finally, all species above have 

unique ITS-rDNA sequences. 

Etymology. Antipathozoanthus cavernus is named from the Latin “caverna" meaning “cave", as 

this species is found in caves. 

Common name. Hana-tsuno-sunaginchaku (Japanese name). 

Phylogenetic analyses 

Concatenated alignment. All Antipathozoanthus species together formed a large monophyletic 

clade within the Parazoanthidae with complete support (ML = 100%, BI = 1) in the concatenated 

(COI+16S-rDNA+ITS-rDNA) alignment phylogeny (Figure 15). Within the Antipathozoanthus clade, 
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the various Antipathozoanthus species were divided into two subclades, an ‘associated’ subclade 

consisting of species associated with antipatharians, and a ‘non-associated’ subclade consisting 

only of A. obscurus found directly on non-biotic substrates. The associated subclade consisted of 

A. macaronesicus, A. hickmani, A. remengesaui and A. cavernus and had very strong support (ML 

= 95%, BI = 0.99), while the non-associated subclade of A. obscurus had complete support (ML = 

100%, BI = 1). Within the associated clade, A. hickmani and A. cavernus were sister to each other 

(ML = 59%, BI = 0.96). A. remengesaui was basal to a poorly nodal supported clade (ML ≤50%, BI 

≤0.95) containing other associated Antipathozoanthus spp. (A. macaronesicus, A. hickmani and A. 

cavernus). A. macaronesicus formed a subclade with very strong support (ML = 97%, BI = 1). 

COI. All Antipathozoanthus species formed a large monophyletic clade within the Paraozoanthidae 

with a very strong support (NJ = 99%, ML = 99%, BI = 1) in the COI phylogeny (see supp. material 

on publication homepage). Within the clade, Antipathozoanthus species were divided into two 

subclades (associated subclade + non-associated subclade). The topology within the large 

monophyletic associated subclade was very similar to that as seen in the 16Sr-DNA phylogeny. 

Both the associated subclade (NJ =77%, ML = 66%) and the non-associated subclade had 

moderate support (NJ = 86%, ML = 85%, BI = 0.99). Sequences of Antipathozoanthus species 

within each of the subclades showed no differences in sequences. The difference in sequences 

between the associated subclade and the non-associated subclade was 3 bp (0.69 %). 

16S-rDNA. All Antipathozoanthus species formed a large monophyletic clade within the 

Parazoanthidae with generally high support (NJ = 99%; ML = 85%; BI = 1) in the 16Sr-DNA 

phylogeny (see supp. material on publication homepage). Within this large clade, 

Antipathozoanthus species were divided into two subclades; an associated subclade (A. 

macaronesicus, A. hickmani, A. remengesaui, and A. cavernus); and the other subclade not 

associated with antipatharians (A. obscurus; ‘non-associated subclade’). The associated subclade 

formed only in NJ phylogenetic tree with moderate support in the 16S-rDNA tree (NJ = 78%), while 

the non-associated subclade had strong support in each phylogeny  (NJ = 97%; ML = 95%; BI = 

0.96). Sequences of Antipathozoanthus species within the associated subclade were identical with 

the exception of A. hickmani (EU333757), which differed by one base substitution, while within 

the non-associated subclade there were a few small sequence differences (maximum difference 
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3 bp). Differences of sequences between the associated and the non-associated subclades were 

4–6 bp (0.67 to 1.01%). 

ITS-rDNA. All Antipathozoanthus species formed a large monophyletic clade within the 

Parazoanthidae with complete support (NJ = 100%, ML = 100%, BI = 1) in the ITS-rDNA phylogeny 

(see supp. material on publication homepage). Within the Antipathozoanthus clade there were 

again two subclades, corresponding to the associated subclade and the non-associated subclade, 

as seen in both the mitochondrial COI and 16S-rDNA phylogenies. The associated subclade had 

moderate support (NJ = 100%, ML = 69%, BI = 0.96), while the non-associated subclade had very 

strong support (NJ = 96%, ML = 100%, BI = 1). Within the associated subclade, all four species had 

different sequences; A. macaronesicus formed a monophyletic grouping with very strong support 

(NJ = 99%, ML = 90%, BI = 0.99), while A. remengesaui, A. cavernus, and A. hickmani each formed 

monophyletic groupings with moderate support (NJ = 95%, ML = 69%, BI = 0.62; NJ = 86%, ML = 

62%, BI = 0.96; NJ = 79%; ML = 84%, BI = 0.96, respectively). A. obscurus formed a monophyletic 

clade with very strong support (NJ = 96%; ML = 100%; BI = 1). 
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Figure 13. Polyp images of Antipathozoanthus obscurus sp. n., A. remengesaui sp. n. and A. cavernus sp. n. in situ. a 

A. obscurus sp. n. . NSMT-Co1602 (MISE-BISE1), Collected from Cape Bise, Motobu, Okinawa-jima Island, Japan 

(26°42'34.4"N, 127°52'49.2"E) at a depth of 5 m by JDR, 14 August 2014. b A. obscurus sp. n., closed polyp with heavy 

encrustion by various fine sand particles. MISE-TF54, collected from Cape Zanpa, Yomitan, Okinawa-jima Island, Japan 

(26°26'26.5"N, 127°42'43.7"E) at a depth of 3 m by TF, 6 April 2009. c A. remengesaui sp. n., colony connected by 

poorly developed coenenchyme with white polyps on Antipathes sp. NSMT-Co1603 (MISE-PALAU2) collected from 

Blue Hole, Palau (7°8'29.4"N, 134°13'23.3"E) at a depth of 23 m by JDR, 15 September 2014 d A. cavernus sp. n., polyp 

connected by highly developed coenenchyme with orange ring around oral disk. RMNH.Coel.42322 (MISE-PALAU5) 

collected from Siaes Tunnel, Palau (7°18'54.8"N, 134°13'13.3"E) at a depth of 39 m by JDR, 1 September 2014. 

Reproduced from Kise et al. (2017). 
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Figure 14. Cnidae in the tentacles, column, pharynx, and filament of Antipathozoanthus obscurus sp. n., A. 

remengesaui sp. n. and A. cavernus sp. n., respectively. Abbreviations: HL: holotrich large, HM: holotrich medium, O: 

bastrichs or mastigophores, S: spriocysts. Reproduced from Kise et al. (2017). 
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Figure 15. Maximum likelihood (ML) tree based on concatenated alignments of 16S-rDNA, COI and ITS-rDNA. 

Numbers on nodes represent ML bootstrap values (> 50% are shown). Bold branches indicate high supports of 

Bayesian posterior probabilities (> 0.95). Reproduced from Kise et al. (2017). 
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Table 6. Cnidae types and sizes observed in three new Antipathozoanthus species. Frequency: relative abundance of 

cnidae type in decreasing order; numerous, common, occasional, rare (n = number of cnidae). Reproduced from Kise 

et al. (2017). 
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c. Symbiodinium within Zoanthus sansibaricus inside and outside Nikko Bay 

 From HOBO loggers, seawater temperature inside the notch (=0 m) was 29.85 ± 0.63°C, 

with a maximum of 33.01°C and a minimum of 25.22°C. Light averaged 384 ± 1930 lux woth a 

maximum of 104711 lux observed. At shallow depths (=8 m), seawater temperature was 29.97 ± 

0.21°C, with a maximum of 30.65°C, and a minimum of 29.45°C. Light was 1423 ± 2500 lux with a 

maximum of 16533 lux. At 20 m, seawater temperature was 29.75 ± 0.20°C with a maximum of 

30.25°C, and a minimum of 29.25°C. Light was 222 ± 402 lux, with a maximum of 2755 lux. 

 In the generated psbAncr phylogenetic tree, all Palauan specimens were seen to be 

closely related to a shallow species of Symbiodinium known from various regions of the Indo-

Pacific (Okinawa, GBR, Red Sea; see also Kamezaki et al. 2013; Figure 16). However, the Palauan 

sequences were slightly different than this shallow type, forming two distinct subclades. When 

examined by depth, one subclade was seen to contain predominantly notch colonies (15/20 

colonies) and was designated the ‘notch’ lineage, while the other subclade contained 28 

sequences from all depths, which was designates the ‘generalist’ lineage. 
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Figure 16 – Maximum parsimony phylogenetic tree of Symbiodinium psbAncr reverse sequences 

from Zoanthus sansibaricus from Palau and other Indo-Pacific locations. 

 

d. Parasitic copepods 

In this study, at least 42 species and 15 genera of 14 families of parasitic copepods 

were found from 35 species of fishes, 4 species of starfishes, and 1 species each of scleractinian 

coral and bivalve. Of these copepods, at least 6 species of Hatschekia Poche, 1902 

(Siphonostomatoida: Hatschekiidae), 1 species of Dissonus Wilson, 1906 (Siphonostomatoida: 

Dissonidae), 1 species of Amaterasia Izawa, 2008 (Siphonostomatoida: Pandaridae) and 1 species 

of Colobomatus, Hesse, 1873 (Cyclopoida: Philichthyidae) are considered as undescribed. Further, 

a pennellid species is considered as a member of an undescribed genus. Almost other species are 

unrecorded from Palau. All species of copepods parasitic on fishes were collected from outside of 

the lagoon or around its outer edge, except one species of Caligus Müller, 1785 

1wDS12 psbA R Okinawa deep

1wDS29 psbA R Okinawa deep

DS28 psbA R Okinawa deep

4wDD23 psbA R Okinawa deep

1wDS18 5 psbA R Okinawa deep

1wDS27 psbA R Okinawa deep

DS27 psbA R Okinawa deep

1wDS24 psbA R Okinawa deep

DD15 psbA R Okinawa deep

4wDD9 7 psbA R Okinawa deep

8wDD23 3 psbA R Okinawa deep

4wDD15 6 psbA R Okinawa deep

DS12 psbA R Okinawa deep

DS21 psbA R Okinawa deep

DD22 psbA R Okinawa deep

DS26 psbA R Okinawa deep

1wDS26 psbA R Okinawa deep

DS25 psbA R Okinawa deep

1wDS25 psbA R Okinawa deep

4wDD5 psbA R Okinawa deep

1wDS22 psbA R Okinawa deep

1wDS28 psbA R Okinawa deep

072H09 psbA R C3w Australia shallow and deep

NA psbA R Red Sea deep

1wDS23 psbA R Okinawa deep

jp0080 psbA R Palau notch

jp0089 psbA R Palau notch

jp0052 psbA R Palau deep

jp0093 psbA R Palau shallow

jp0096 psbA R Palau shallow

jp0053 psbA R Palau deep

jp0059 psbA R Palau deep

jp0067 psbA R Palau notch

jp0069 psbA R Palau notch

jp0097 psbA R Palau deep

jp0057 psbA R Palau deep

jp0083 psbA R Palau notch

jp0065 psbA R Palau notch

jp0074 psbA R Palau notch

jp0098 psbA R Palau deep

jp0068 psbA R Palau notch

jp0090 psbA R Palau notch

jp0072 psbA R Palau notch

jp0060 psbA R Palau deep

jp0055 psbA R Palau deep

jp0051 psbA R Palau deep

jp0056 psbA R Palau deep

jp0086 psbA R Palau notch

jp0070 psbA R Palau notch

jp0079 psbA R Palau notch

jp0064 psbA R Palau notch

jp0101 psbA R Palau deep

jp0094 psbA R Palau deep

110H09_psbA_R_C62/70_Australia_shallow

4wSD22 7 psbA R Okinawa shallow

4wSS14 psbA R Okinawa shallow

SS23 psbA R Okinawa shallow

8WSS5 psbA R Okinawa shallow

8wSS25 psbA R Okinawa shallow

jp0066 psbA R Palau notch

jp0071 psbA R Palau notch

jp0082 psbA R Palau notch

jp0084 psbA R Palau notch

jp0075 psbA R Palau notch

jp0077 psbA R Palau notch

jp0078 psbA R Palau notch

jp0076 psbA R Palau notch

jp0099 psbA R Palau shallow

jp0062 psbA R Palau notch

jp0087 psbA R Palau notch

jp0100 psbA R Palau deep

jp0092 psbA R Palau shallow

jp0081 psbA R Palau notch

jp0085 psbA R Palau notch

jp0091 psbA R Palau notch

jp0058 psbA R Palau deep

jp0061 psbA R Palau notch

jp0088 psbA R Palau notch

jp0054 psbA R Palau deep

1wDS21 psbA R Okinawa deep

1 change

Deep	(Okinawa,		Red	Sea,	
Australia)	
	

Nikko	Bay	
generalist	
(Palau)	

	

Nikko	
Bay	
notch	
(Palau)	
	

Shallow	
(Okinawa,		
Australia)	



PICRC Technical Report No. 18-03 

 

 49 

(Siphonostomatoida: Caligidae) from Diagramma picta (Thunberg) (Perciformes: Haemulidae). 

 

Discussion 

 Overall, the results of the comparative biodiversity, population genetics, and focused 

taxonomic surveys each contribute important points into the consideration of biodiversity in Palau, 

as we will outline below. 

Comparative quantitative biodiversity 

 As has been seen previously in other locations, the outer reefs of Palau appear to harbor 

the highest number of animals based on our rubble results. However, biodiversity indices did not 

significantly differ across different regions (outer reefs, inner lagoon, bays) when based on phyla-

level data. While these results may change, these results demonstrate the total richness and 

general health of all ecosystems in Palau. However, lower numbers in bays may indicate 

vulnerability of some regions to impacts. 

 Additionally, Airai Bay, which has been a source of local concern due to increasing 

development and associated runoff, showed relatively low biodiversity indices, and the condition 

of this bay should be carefully monitored and investigated in more detail. On the other hand, the 

results from Malakal Harbor currently do not show any reduction in either numbers or indices, 

although care should be taken as final OTU analyses have not been conducted. 

 The rubble analyses here differ from the ARMS method (e.g. Brainard et al. 2009) 

employed widely across coral reef regions in not introducing a lack of artificial structures into each 

site. Thus, while there may be inherent bias in the shape of rubble from each site, the rubble 

method allows for a glimpse of the true biodiversity at each site, and can be conducted relatively 

cheaply and rapidly. Such biodiversity monitoring efforts across sites should be implemented in 

Palau to provide baseline data as well as allow detection of negative impacts from both natural 

(ENSO events; typhoons) and anthropogenic (pollution, runoff, etc.) events. 

 Finally, these results demonstrate that the outer reef, lagoon, and inner bays are 

inherently different ecosystems in terms of biodiversity, and OTU analyses on our rubble date will 

likely strengthen this conclusion. 
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Population genetics 

 The results of the Ceraesignum maximum population genetics analyses show that this 

group of animals make an excellent target taxa to study genetic differentiation across small (e.g. 

<100 km) geographic scales. We were able to detect differences in genetic signatures even across 

very small scales such as between the back of Nikko Bay (near Nikko 3) and the entrance to the 

bay. Such results demonstrate it may be possible to see differences on even smaller scales than 

examined here, such as the outer reef and inner reef within one reef area; due to the low dispersal 

ability of Ceraesignum. 

 Such findings also have implications for conservation. No matter what populations are 

unique within Palau, these results demonstrate that care must be taken when harvesting taxa with 

low dispersal ability, as barriers (described below) exist between different ecosystems and regions 

within Palau. 

 In general, three major conclusions can be drawn from the C. maximum results. First of 

all, it appears that C. maximum has recently expanded into Palau, as demonstrated by large 

common alleles within the center of the network analyses, and that this population is in expansion, 

and has not experienced any noticeable bottlenecks. This can also simply be seen in the network 

analyses, with many singletons and less common alleles only one to two base pairs removed from 

common alleles. 

Secondly, there is geographic differentiation within Palau, generally corresponding with 

outer reef and inner lagoon ecosystems. This could suggest that C. maximum initially entered 

Palau from the outer reef, and expanded into the lagoon as sea levels rose following the glacial 

maximum of <10000 years ago. Similar patterns on larger geographic scales have been seen in 

acorn barnacles (Chan et al. 2007) on the edges and inside continental shelves in the northwestern 

Pacific. 

 Finally, these results strongly demonstrate both the isolation and uniqueness of the 

Nikko Bay population. A possible explanation for this is the long residence time (~71 d, Golbuu et 

al. 2016) of water in Nikko Bay, suggesting a considerable barrier to larvae, as well as the unique 

marine environment of the bay, with lower pH and higher seawater temperatures than 

surrounding areas (Golbuu et al. 2016). The inner reef population at Ngechesar also appears 
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unique, and future research should investigate this region in more detail. 

 In conclusion, our work demonstrates local barriers to larval dispersal exist within Palau, 

emphasizes that even in common and widely distributed species there may be different 

populations between outer reefs and inner bays/lagoons, and demonstrates the uniqueness of 

Nikko Bay. Regarding snail-worm species such as C. maximum, steps should be taken to add them 

to monitoring efforts, particularly as disease outbreaks in other island regions of the Pacific have 

decimated local populations (Brown et al. 2016). Our results suggest such outbreaks could lead to 

a significant loss of genetic diversity, and outbreaks of diseases in any low-dispersal marine 

organism could pose a threat. 

Focused taxonomic studies 

Zoantharia 

Shallow Epizoanthus species associated with eunicid worm tubes are relatively common 

in the Pacific Ocean. However, until now there has been limited information about their diversity, 

and overall Epizoanthus species diversity is still relatively unknown and may be higher than has 

been originally thought (Reimer et al. 2010a). In this project two species were described, E. 

inazuma and E. beriber. Based on these and previous findings (Sinniger et al. 2008; Reimer et al. 

2010a), we believe there is a high potential of undescribed species being contained within already 

described Epizoanthus species. In this study, E. beriber was only found in caves. Similarly, two 

Palythoa species that live in similar habitats have recently been described from Okinawa (Irei et 

al. 2015), and an azooxanthellate scleractinian coral species was also discovered in similar habitats 

in various Indo-West Pacific localities, including Palau (Hoeksema 2012). Such findings indicate 

that there may be high potential of the existence of more undescribed species in underwater 

caves or other ‘cryptic’ environments associated with coral reefs, and continued investigations of 

such environments are needed. 

Epizoanthus illoricatus, E. inazuma and E. beriber are obligate epibionts on eunicid 

worms. Members of Eunicidae that host these Epizoanthus spp. make chitin-like zigzag tubes 

(Tischbierek 1930), and some colonies of E. illoricatus completely covered this substrate. In this 

study, we observed no E. illoricatus attached to tubes that did not have living eunicid worms inside. 

This means that E. illoricatus apparently has some kind of association with living eunicid worms; 
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commensalism, mutualism, or parasitism. To understand this relationship, observations of the 

survival rate of Epizoanthus colonies with or without eunicid worms in both controlled laboratory 

settings and in situ are necessary. E. illoricatus and the two species in this study do not produce 

tube-like structures such as a carcinoecium (Figure 8a–f), which is a corneous shell-like structure 

that has been observed in other Epizoanthus species’ associations (e.g. hermit crabs; Schejter and 

Mantelatto 2011). In addition, because there are few morphological differences despite clearly 

distinct phylogenetic signals between E. illoricatus and E. inazuma, it is possible that the substrate 

consisting of eunicid worm tubes may be made by different host taxa (genus/species). Further 

research using molecular and morphological analyses of not only Epizoanthus but also of the 

Eunice host species are needed to understand these relationships better. 

Antipathozoanthus hickmani is found in only the Galapagos with A. cf. hickmani 

reported from the coast of Ecuador (Bo et al. 2012), suggesting an East Pacific distribution. On the 

other hand, A. remengesaui was found in the Red Sea, the Maldives, Palau, and mainland Japan 

and Okinawa, Japan, while A. cavernus was found in the Maldives, Palau, and mainland Japan, and 

A. obscurus was found in the Red Sea and Okinawa, Japan. Additionally, unidentified 

Antipathozoanthus species have been previously reported from the central Indo-Pacific Ocean 

(Reimer et al. 2014a), the South China Sea (Reimer et al. 2017), and mainland Japan (Reimer et al. 

2013). These results indicate that the three Antipathozoanthus species herein are likely widely 

distributed across the Indo-Pacific Ocean, and also that Antipathozoanthus species diversity is 

higher than has been previously known. 

Antipathozoanthus obscurus without host was found in similar environments as the 

‘associated’ Antipathozoanthus species, but this species does not associate with antipatharians 

and is instead directly attached to coral reef carbonate. Ocana and Brito (2003) explained the 

relationship between Antipathozoanthus and antipatharians as a case of facultative parasitism, 

although this association still requires further research. It has been revealed that some 

macrocnemic species gain an advantage in plankton feeding by utilizing substrate organisms that 

filter feed in environments where plankton organisms are scarce (e.g., Hydrozoanthus species on 

oligotrophic coral reefs; Di Camillo et al. 2010), and this could be one reason that most 

Antipathozoanthus spp. utilize antipatharians as substrate. However, moderate currents 
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conducive to plankton feeding may occur in coral reef caves by inflow of tidal currents or 

terrestrial runoff (Iliffe and Kornicker 2009), and it may be unnecessary to have an association 

with antipatharians for obtaining sufficient plankton in such environments. Additionally, in marine 

caves, there are fewer predators of zoantharians, such as fishes  (e.g. Bussotti et al. 2002), and 

perhaps fewer competitors for substrate space. Such environments may promote the speciation 

of ‘non-associated’ zoantharian species as seen here with A. obscurus. 

All species in the present study are azooxanthellate, and this trait is common within 

macrocnemic zoantharians to the exception of some species such as Bergia cutressi (West, 1979) 

and Nanozoanthus harenaceus Fujii & Reimer, 2013. Irei et al. (2015) suggested that cave-dwelling 

Palythoa species within Brachycnemina lost their zooxanthellae to adapt to environments in caves 

and cracks. On the other hand, macrocnemic cave-dwelling species may originally have lacked 

zooxanthellae rather than undergone a loss of zooxanthellae. However, more investigations are 

needed to evaluate the species diversity of zoantharians in caves to more comprehensively 

understand the evolution of these zoantharian species. 

Symbiodinium spp. 

From the examinations of Symbiodinium spp. within Zoanthus sansibaricus, the results 

reflect to some degree the population genetic analyses of C. maximum. Despite being found in 

both intertidal/shallow and deep depths within Nikko Bay, Z. sansibaricus does not harbor the 

deep lineage commonly seen across the Indo-Pacific, but instead either an apparent ‘generalist’ 

type evolved from the shallow Indo-Pacific lineage at all depths, and another ‘shallow’ lineage 

generally restricted to the notch area of Nikko Bay. One possible explanation is as sea levels rose 

and entered Nikko Bay after the last glacial maximum (<10000 ybp), shallow-water Z. sansibaricus 

entered Nikko Bay. Due to relative isolation, Z. sansibaricus harboring deeper lineages never 

entered the bay, and the Z. sansibaricus harboring shallow types expanded and evolved into the 

new unique environment, with two different lineages evolving, which are now significantly 

differently distributed across depths, although the ecological lineage sorting is not yet 100% 

complete, as shown by occasional appearance of notch types in the deep. 

These results are potentially very important, as they suggest a possible rate at which 

Symbiodinium spp. can adapt to changing environments. As Nikko Bay’s conditions mirror those 
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expected for future oceans, the fact that Symbiodinium spp. have adapted and evolved over 

~<10000 byp can provide a baseline evolutionary speed estimate.  

Thus, it is clear that Nikko Bay harbors unique biodiversity, and this area can serve as a 

direly needed natural aquarium for examining future changes in marine organisms.  

Parasitic copepods 

Regarding parasitic copepods, findings of 42 species during this study represent the 

results which filling the blanks of the distribution in Palauan waters. And then, findings of several 

species represent expansions of distribution area of genera and species. For example, an 

undescribed species of Amaterasia was firstly found from Western Pacific Ocean in the genus 

because other two congeners were found from off Mexico and Galapagos Islands in Eastern Pacific 

Ocean (see Lewis, 1964; Izawa, 2008). In this study, all copepod species on fishes were found from 

outside of the lagoon or connecting passages, except a caligid. Although many fish species were 

observed in both out- and inside of the lagoon during the field surveys, rates of young individuals 

in the lagoon are generally higher than that of the outside. Further, the salinity of inside the lagoon 

is probably lower than that of the outside because it is affected by water from land. These might 

be related to the fact that almost parasitic copepods were not found only from outside the lagoon 

in this study. Of course, it is insufficient to conclude because the parasitic copepod fauna was 

partially revealed throughout surveys conducted in a short period. Further comprehensive 

research is needed to reveal the true diversity of parasitic copepods and its distribution factors in 

Palauan waters. 

In conclusion, the various taxonomic studies have demonstrated areas of Palau’s marine 

ecosystems that harbor unique biodiversity (marine caves, cracks, inner bays such as Nikko Bay). 

As well, steps should be taken to protect these unique areas, and future taxonomic research across 

even more taxa are needed to further understand and conserve Palau’s marine biodiversity. 

 

Overall Conclusions and Recommendations 

1) Understudied marine environments such as caves and cracks harbor much potential 

undescribed marine biodiversity, and need more representation in marine protected areas as 

they are relatively fragile with regards to tourism impacts. 
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2) Nikko Bay and other inner reef/bay areas harbor unique and possibly endemic populations of 

marine organisms, and steps should be taken to ensure their protection. 

Predicted Impacts: 

1) Increases in tourism in Nikko Bay, caves, or coral reef cracks, etc. could result in damage and/or 

loss of unique biodiversity. 

2) Global climate change will undoubtedly impact biodiversity in Palau, and steps need to be taken 

to assess how marine communities will change under future conditions. 

Examples of Available Policy Options: 

1) Address under-representation of some marine ecosystems within conservation planning (e.g. 

protect more of Nikko Bay, caves, cracks, etc). 

2) Conduct more evaluations of the biodiversity in Palau across a variety of marine ecosystems. 

3) Implementation of a standardized biodiversity monitoring system after obtaining baseline data 

(or comparing with P-CoRIE baseline data). 

4) Take steps to protect rare or endemic populations/species under a legal framework. 

Biodiversity of most groups of marine animals in Palau is still poorly understood. 

Increasing knowledge of various taxonomic groups asides from fishes and corals is critical to 

properly conserve total biodiversity and bioresources in the face of increasing climate change, 

anthropogenic impacts, and associated phenomenon such as disease outbreaks or reduced 

reproduction. We hope this technical report can provide ideas and direction for future marine 

biodiversity studies and policy development in Palau that can then serve as leading examples for 

other marine regions of the world. 
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